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ABSTRACT
SURVEY OF THE CHARGE PROPERTIES OF PHOSPHOLIPIDS USING NANODISCS
AND MEMBRANE-CONFINED ELECTROPHORESIS
by
Cheng Her
University of New Hampshire, May, 2015
Phospholipids (PL) are a major, diverse constituent of cell membranes. PL diversity arises from
the nature of the fatty acid chains, as well as the head group structure. The head group charge is
thought to contribute to both the strength, and specificity of protein-membrane interactions.
Furthermore, the divalent cations Ca2+ and Mg2+, have been shown to be essential for optimal
binding for some of these interactions. Because it has been difficult to measure membrane
charge, it has been impossible to quantitate the role charge plays in these interactions. However,
Nanodiscs provide a stable, planar membrane bilayer suitable for biophysical studies. Here we
present the first measurements of the charge on Nanodiscs containing neutral (POPC and POPE)
and anionic (POPS, POPA, and PIP2) PLs in varying ratios, and in different solvent conditions.
The data reveal that: 1) Nanodiscs provide high-quality charge data using membrane-confined
electrophoresis (MCE), and; 2) Nanodiscs exhibit polyelectrolyte behavior. Therefore, the
technique of MCE combined with the technology of Nanodiscs give us the ability to develop a
simple, reproducible way to analyze lipid charge under physiological conditions; which can
clarify inconsistencies between data obtained using various analytical techniques, membrane
systems, and experimental conditions.
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INTRODUCTION
Charge is a fundamental property that directly influences the structure, stability,
solubility and interactions of macromolecules [Edsall and Wyman, 1958; O’Brien and White,
1978]. Since the solution electrostatic properties of a molecule are affected by the solvent
composition (i.e. ionic strength, ion type, etc.), pH, dielectric constant and temperature, charge is
a system property. Charge estimates based on amino acid sequences [Scatchard and Black,
1948; Gokarn et al., 2011], nucleotide sequences [Wooll, 1996; May, 2007] and lipid head
groups [Roy et al., 1998] are typically higher in magnitude than their experimental counterparts.
The discrepancy between calculation and measurement seems to result from the failure of
calculations to consider ion binding aside from H+ [Gokarn et al. 2011]. While there are good
charge measurement data for proteins and nucleic acids [Durant, 2003; May, 2007], charge
measurement of lipids have posed experimental difficulties. This lack of knowledge is
unfortunate because membrane composition, including charge, is of fundamental importance to a
variety of cellular and physiological functions [Tavoosi et al., 2011]. The research in this
dissertation provides the first systematic measurement of lipid charge. These charge
measurements will provide the information needed to test hypotheses and models for lipid
membrane structure and function [Saiz and Klein, 2002; Gurtovenko and Vattulainen, 2008].
For proteins and DNA, charge measurements using different methods are straight forward
and provide similar results [Schwartz and Guttman, 1995]. The reason for the relative ease of
measurements, is that near physiological conditions may be found where these molecules do not
interact with the container in which the measurement is made (i.e. capillaries, cuvettes, etc.),
whereas lipids tend to bind tightly to glass surfaces [Owens et al., 2005]. As a consequence,
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proteins and DNA usually do not require non-aqueous solvent phases in analytical
electrophoretic techniques, such as capillary electrophoresis (CE) and electrophoretic light
scattering (ELS) for charge measurements; whereas lipids often do [Krylov and Dovichi., 2000].
Charge measurements of proteins and nucleic acids made in a CE apparatus can be compared
with measurements made using other electrophoretic techniques, such as MCE and ELS run in
the same solvent [Krylov and Dovichi., 2000; Filoti et al., 2015]. This allows for more accurate
measured charge quantities (i.e. electrophoretic mobility, zeta potential, Z DHH) when a direct
comparison of these quantities can be made across different electrophoretic techniques in the
same solvent conditions.
Because of their high charge density, some proteins and nucleic acids, in general, exhibit
polyelectrolyte behavior. Polyelectrolytes have seemingly counterintuitive properties; for a 100base ssDNA, the expected charge is about -20, whereas a dsDNA will have an expected charge
of only -12, even though there are more phosphate groups in the dsDNA [Record et al. 1987;
Manning, 1969]. The cause of the reduced charge in dsDNA, is the higher charge density of the
phosphate groups in dsDNA in comparison to ssDNA. As a result of the higher charge density,
more counter-ion binding is required to minimize the electrostatic potential that gives rise to the
lowered expected charge for dsDNA. This effect is more pronounced in dsDNA due to the rigid
nature of its structural backbone and the closer proximity of the phosphate groups [May, 2007;
Dessinges et al., 2002]. Polyelectrolyte behavior also is observed in a variety of proteins [Durant,
2003; Collins, 2012].
The relevant parameter for polyelectrolyte behavior is the Bjerrum length [lB; Manning,
1969], which is the effective distance between charge groups that yield an electrostatic potential
energy that is equal in magnitude to the thermal energy (kBT). In an aqueous system at 298K, the
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Bjerrum length (lBaqueous) is 7.0 Å [Morfin et al. 2004]. For a dsDNA molecule, the distance
between phosphate groups is ~ 1.7 Å, significantly shorter than the lBaqueous, giving rise to its high
charge density [van der Maarel, 2008]. As a result of this high charge density, counter-ions will
adsorb onto the phosphate groups of dsDNA until the effective distance between the charged
groups is increased to lBaqueous. In a membrane, the closest approach of lipid head groups is on
the order of lBaqueous [Levental et al., 2008]. Therefore, if anionic lipids cluster on the membrane
leaflet, polyelectrolyte behavior may be observed.
Lipids, in the form of liposomes, have been much more difficult to analyze
electrophoretically due to their relative instability and tendency to aggregate and interact with
glass [Heiger, 1992]. In CE, liposome interactions with a glass capillary are usually remedied
using two methods. First, the capillary is coated with non-polar hydrophobic groups [Heiger,
1992]. Unfortunately, the resultant hydrophobic surfaces may interact with neutral lipids and
prevent the liposomes from migrating. Consequently, a second remedy is to add an organic
solvent to the aqueous solution to prevent liposomes from sticking to the capillary walls
[Schmitt-Koplin, 2008]. While organic-containing solvents allow the migration of liposomes in
CE, the solvent also may interact with the liposomes and affect the charge, thus making it
difficult to compare charge estimates made in CE with those from methods that use solely
aqueous conditions (e.g. NMR and native gels). Furthermore, the addition of an organic solvent
also lowers the solvent dielectric constant, which will impact the measured charge [Heiger,
1992]. Liposomes provide two other challenges. First, they tend to be heterogeneous with
respect to size and composition [Antonelli and Forster, 2003]. Second, they are unstable due to
liposome fusion. Two recent advances have made lipid charge measurements feasible.
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First, the development of lipid Nanodiscs has provided science with a stable membrane
platform suitable for electrophoretic charge measurements [Bayburt and Sligar, 2011].
Nanodiscs provide a phospholipid bilayer system stabilized by a pair of membrane scaffolding
proteins (MSP) that act like a belt around the lipid bilayer [Nath et al. 2007]; these scaffolding
proteins provide two significant advantages over liposomes. First, the MSPs are negatively
charged and provide enough electrostatic repulsion to prevent the Nanodiscs from selfassociating. Second, these proteins allow us to track the migration of the Nanodiscs with UV
optics. Using membrane confined-electrophoresis (MCE) in addition to lipid Nanodiscs should
allow us to make meaningful charge measurements in physiologically relevant conditions.
Second, MCE has been shown to provide accurate charge measurements on molecules
rapidly, using small quantities of material and in physiological solvents [Ridgeway et al., 1998;
Durant, 2003; Filoti et al., 2015]. MCE is a primary technique that relies on first principle
methods, and does not require appropriate markers or standards for data analysis. In contrast,
other electrophoretic techniques such as CE and native gel analysis do require standards for
estimation of the charge. By using lipid Nanodiscs and MCE, it is possible to characterize lipid
charge systematically.
Liposomes versus Nanodiscs: Liposomes are generally difficult to prepare [Ritchie et al., 2009].
Furthermore, liposomes have been difficult to use in biophysical experiments due to their relative
instability and size heterogeneity [Ritchie et al., 2009]. In order to stabilize liposome
preparations, the lipids often are modified (e.g. PEG coating, head group derivitization), making
them fundamentally different in structure and, ultimately, function from cellular membranes
[Immordino et al., 2006]. Another impediment to working with liposomes is that, unless
chemically modified, lipids typically lack structural elements that can be detected by UV
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spectroscopy. Often, gas chromatography (GC) and mass spectrometry (MS) are required for
quantification and identification. For non-volatile lipids, thin-layer chromatography (TLC) may
be used [Wilson and Poole, 2000].
Nanodiscs have been shown to be very stable [Bayburt and Sligar, 2010]. The data
indicate that at 4oC they remain generally monodisperse over a period of four years. Nanodiscs,
are smaller in diameter (~ 10 nm) than liposomes and their size can easily be managed by simply
modifying the length of the MSPs [Ritchie et al., 2009]. Because the MSPs are part of the
NanodiscTM structure, Nanodiscs can easily be tracked using the UV absorbance of the protein.
Charge estimates by other techniques: In the past, lipid:ion behavior has been explored using
methods other than analytical electrophoresis. For example, one widely accepted model for Ca 2+
interactions with phosphatidylcholine (PC) lipids, consists of one Ca2+ ion binding and bridging
two phosphate groups on PC membranes [Altenbach and Seelig, 1984]. This model was
developed from a combination of nuclear magnetic resonance spectroscopy (NMR) and atomic
absorbance spectroscopy (AA) measurements made in solutions with 0.005 - 8 M Ca2+ using
heterogeneous (10 – 100 nm diameter) liposome mixtures. With rare exception, lipids never
experience Ca2+ concentrations exceeding 5 mM [Takahashi et al. 1999]. Therefore, the
relevance of the NMR data to lipid charge in vivo is questionable. Furthermore, the authors'
assertion that the shift in NMR signal provides a measure of the charge is based on calculations
made using unsubstantiated assumptions concerning the nature and meaning of the chemical shift
observed in NMR. For example, the authors assume that the mode of Ca2+ binding remains
constant (i.e. Ca2+ forms specific complexes with the phosphocholine portion of PC lipids). A
consequence of this assumption is that signal shifts observed in NMR spectra are attributed
solely to Ca2+- lipid binding and any considerations of preferential solvation effects, monovalent
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ion adsorption, proximity effects, etc. are ignored. This is problematic, as the observed signal
splitting of the NMR spectra of POPC liposomes occurred when Ca 2+ concentrations were
greater than 2 M, where preferential solvation and proximity effects can have a greater influence
on the position of the phosphocholine group due to the c-c distance of Ca2+ ions being less than
lBaqueous at these high concentrations [Manning, 1969; Morfin et al. 2004].
Another technique used to address lipid charge is capillary electrophoresis (CE). As
previously stated, CE often requires addition of an organic solvent or special treatment to the
capillary [Schmitt-Koplin, 2008]. Since charge is a system property, solvent changes,
particularly the inclusion of organic components may impact the physiological relevance of the
data. Both the technique of real-time electrophoretic mobility and NanodiscTM lipid membrane
models are relatively new technologies [Jordan, 2014; Ridgeway, 1998; Ritchie et al., 2009].
Having a stable and well characterized membrane model [Nath et al. 2007], as well as the ability
to rapidly conduct analytical real-time electrophoretic mobility analysis can give us better insight
to the charge properties of lipids.
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SIGNIFICANCE
Importance of membrane charge to biological processes: Membrane electrostatics plays an
important role in many biological processes. In the blood coagulation cascade, tissue factor (TF)
cannot bind factor VIIa (FVIIa) unless anionic lipids and Ca2+ are both present [Tavoosi et al.
2011]. In metabolism, the membrane phospholipids of both the inner and outer membrane of
mitochondria play an important role in the energy transduction pathways of the electron transport
chain found in eukaryotes. The inner membrane contains a higher protein:lipid (80:20 versus
50:50) ratio, twice the amount of anionic lipids and three times the amount of cardiolipin than
the outer membrane [van Meer et al., 2008]. Membranes containing phosphatidyl 4,5bisphospate (PIP2) act in concert with Ca2+ playing an important role in the signal transduction
cascades of protein kinase C [Newton, 2010]. Anionic lipids also have an important role in bone
formation and repair as they bind Ca2+ and stabilize amorphous calcium phosphate as it is
converted to hydroxyapatite [Merolli and Satin, 2009].
Importance of this work: The dissertation represents the first systematic measurements of
membrane charge using analytical electrophoretic techniques. These lipid studies will
complement those done with proteins [Durant, 2003] and nucleic acids [May, 2008]. Lipid
bilayers in Nanodiscs are fluid, allowing the charge elements to arrange themselves in the lipid
monolayer. Membrane lipids are known to cluster into microdomains (“rafting”), and such
clustering is known to be important to membrane function [Thomas et al., 2004]. In particular,
the increased density of anionic lipids in microdomains is thought to be important in modulating
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activation and interactions in blood coagulation, receptor-ligand interactions and signal
transduction [Tavoosi et al. 2011; Owen et al. 2005; Scherer and Seelig, 1989].
Theoretical work with respect to describing charge on membranes has mostly relied on
models and molecular dynamics simulations that use incomplete experimental work that is
difficult to interpret [Manning, 2007; Collins, 2012]. Furthermore, while many experiments
have shown the necessity for ion-mediated lipid-lipid, lipid-protein and protein-protein
interactions, not much is known about the mechanisms by which these interactions occur. For
example, it’s been observed that Ca2+ and Mg2+ can induce both membrane fusion and
aggregation [Martin-Molina et al., 2012]. The proposed mechanism for these interactions is that
Mg2+ and Ca2+ can interact with groups on the membrane surface, neutralizing the charges on
anionic lipids or proteins at the membrane surface, thereby decreasing the electrostatic repulsion
between cellular membranes and allowing them to aggregate and potentially undergo fusion
[Roy et al, 1998]. However, most of these aggregation/fusion studies focus on the success or
failure of aggregation/fusion, not an underlying cause.
This dissertation addresses the underlying cause by measuring the charge on a variety of
lipids in different solvents. In the proximity energy framework, it is observed that charge-charge
repulsion is the only electrostatic interaction that benefits solubility [Majhi et al., 2005]. In
accord with this observation, it has been shown that proteins tend to aggregate at their isoelectric
point, and that solubility generally correlates with charge [Majhi et al., 2005]. However, other
solvent conditions can lead to aggregation, and correlating the charge on molecules with the
changes in the buffer conditions can provide insight as to why this aggregation occurs
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when anionic lipids interact with divalent cations Mg2+ and Ca2+.
It is known that the simple calculation of charge made by summing the charges on
ionizable groups is not a reasonable first approximation for charge. It has already been shown
with proteins and DNA that the measured charge is lower in magnitude than that of the expected
charge [Durant, 2003; May, 2008]. However, while there has been a lot of research done on
protein and DNA charge, there has not been much physical data on lipids in physiologically
relevant solvent conditions. Combining moving-boundary electrophoretic instrumentation
(MCE) and stable lipid membrane models (NanodiscTM) will provide insights into the effect
charge has on lipid assembly interactions.
RESEARCH OBJECTIVES
The objectives of this work are: 1) to measure NanodiscTM charge for different lipid
compositions in different solvents using MCE, 2) to compare these direct charge measurements
with estimates using other indirect methods, and 3) integrate these charge data into theoretical
and molecular models. These objectives will be addressed using the following specific aims.
Aim 1: Measure the charge of lipid Nanodiscs using MCE in physiologically relevant
buffers. Historically, lipid charge has been difficult to measure, and there are few first principle
measurements reported [Schmitt-Koplin, 2008]. NanodiscTM charge will be measured using: 1)
two different sizes of NanodiscTM, 2) Nanodiscs containing different mole ratios of neutral
(phosphatidylcholine- PC, phosphatidylethanolamine- PE) lipids and 3) Nanodiscs containing
anionic lipids (phosphatidic acid- PA, phophatidylserine- PS, and phosphatidyl 4,5-bisphosphatePIP2 and 4) in solvents containing different co-ions and counterions. In all cases, the
phospholipids will have 1-palmitoyl-2-oleoyl-sn-glycerco-3-X (denoted PO-X, with X
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representing the head group), as the fatty acids so that the membranes will generally be above
their phase transition temperature. This aim will assess the extent of NanodiscTM heterogeneity
with respect to charge. Furthermore, the data will provide standards that can be duplicated in
other laboratories.
Aim 2: Observe solvent ion type, salt concentration and pH effects on lipid NanodiscTM
charge. Charge is a system property and therefore dependent on the solvent composition. In this
aim, the solvent composition will be varied as follows:
Ion Type. Different ion types may interact differently with Nanodiscs due to ion-specific
variations in charge density, electronegativity, orbital orientation and the presence of interaction
sites on the Nanodiscs [Klasczyk et al., 2013] These ionic interactions will affect the
electrophoretic mobility and subsequent ZDHH calculations. NanodiscTM mobility and ZDHH will
be determined for several NanodiscTM lipid compositions in 50 mM Tris, pH 7.4, containing
varying concentrations of Na+, K+, Li+, Mg2+, Ca2+, and SO42-. Measurements will be made with
Nanodiscs containing varying mole ratios of PA, PS, PE, PC, and PIP2.
Salt concentration. Excluding the Debye-Huckel cloud, which is a solvent response to the charge
on a macromolecule, ion binding may take two forms. One form is specific binding, in which an
ion interacts with a well-defined site on the lipid surface. When bound in this manner, the ion
will be visible as part of the structure in X-ray crystallography and NMR spectroscopy
[Altenbach and Seelig, 1984]. The second form is territorial binding, in which an ion is held by
electrostatics in an area adjacent to a highly charged region on a macromolecule, but does not
bind to a particular site [Manning, 1969]. This sort of binding is common in polyelectrolytes
such as protein and DNA [O'Shaughnessy and Yang, 2005]. An ion bound in this manner may
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exchange readily with ions in the solvent, but cannot dissociate to leave the charged patch
exposed. Though part of the charge structure, territorially bound ions are mobile over the
charged surface and do not appear in X-ray or NMR structures. In order to determine whether
Nanodiscs bind counterions territorially (i.e. act as polyelectrolytes), the charge on Nanodiscs of
varying lipid compositions will be determined as a function of salt concentration.
pH. Lipid head groups may contain multiple charge groups which ionize at different pHs.
Phosphatidic acid is of particular interest, because it contains two ionizable groups, one with a
pKa ~ 3.0 and another with a pKa ~ 8.0, with the latter near physiological pH [Marsh, 1990].
Mobility and ZDHH data will be obtained on PA-containing Nanodiscs to determine the
dependence of charge on pH. Similar studies will be conducted on PC, PE, PS, PA and PIP 2
Nanodiscs to distinguish head-group-specific from belt-protein specific contributions to any
charge change.
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MATERIALS AND METHODS
Nanodiscs — Nanodiscs were obtained from Dr. Mark McLean of the Sligar group at the
University of Illinois at Urbana-Champaign and Dr. Sandy Ross of the University of Montana.
Initial concentrations of POPC, 10% POPS, 30% POPS and 70% POPS (referred to as 10POPS,
30POPS and 70POPS, respectively) MSP1D1 and MSP1E3D1 Nanodiscs were ~ 20 uM. Initial
concentrations of MSP1D1 10% POPA, 30% POPA and 70% POPA Nanodiscs (referred to as
10POPA, 30POPA and 70POPA respectively) were ~ 10 uM. Initial concentrations of MSP1D1
10% POPE and 10% PIP2 (referred to as 10POPE and 10PIP 2, respectively) Nanodiscs were ~ 8
uM. NanodiscTM formulation buffer was as follows: 100 mM NaCl, 50 mM
Tris(hydroxymethyl)aminomethane) [Tris], 0.1% NaN3 at pH 7.4. Nanodiscs were initially
stored in a -20oC freezer. Stock samples were aliquoted in 50 uL amounts into Fisherbrand
microcentrifuge tubes (Premium, 500 uL, mixed, Cat No. 05-408-137, Lot 10210771) and stored
at -20oC. When samples were taken out and thawed for analysis, they were re-stored at 4oC.
Buffers—Standard buffer consisted of 100 mM NaCl (Sigma-Aldrich, S7653, BioXtra ≥ 99%
(AT), Lot # SLBJ2691V, CAS: 7647-14-15), 50 mM Trizma®base (Sigma-Aldrich, Primary
Standard and Buffer ≥99%(titration), crystalline, T1503, Lot # SLBH5708V, CAS: 77-86-1) at
pH 7.4. In buffers consisting of different monovalent ions, the concentration of the salt was kept
constant: 100 mM KCl (Sigma-Aldrich, P9541, for molecular biology, ≥ 99.0%, Lot #
SLBD2274V, CAS: 7447-40-70 and 100 mM LiCl (Aldrich, 99+% A.C.S. Reagent, CAS: 744741-8). PBS buffer prepared from constituent component consisted of: 137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4 (Sigma, S-0876, Dibasic, Anhydrous, Minimum 99%, Lot 29H0002, EC
No. 231-448-7) and 1.7 mM KH2PO4 (Fisher Scientific, P-285, Certified A.C.S, Lot 784276) at
pH 7.4. In divalent cation experiments, 3 mM of either MgCl2 (Sigma-Aldrich, M2670, BioXtra
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≥ 99.0%, Lot # SLBD6918V, CAS: 7791-18-6) or CaCl2 (Baker Analyzed REAGENT, Granular,
Actual Analysis Lot # 646135) was added to standard buffer. Experiments using 0.007 - 10 mM
MgCl2 and CaCl2 were also conducted to determine whether or not similar interactions were seen
at minimal and saturated Mg2+ and Ca2+ concentrations (Figures B2 - B5). For dilution
experiments, the total combined NaCl and Tris concentrations used were 50, 75, 100, 125, 150
and 225 mM, with the ratio of salt to buffer maintained at 2:1. Experiments were run at lower
salt concentrations, however it was determined that salt concentrations below 50 mM were not
sufficient for MCE analysis. For experiments where pH was varied, the standard buffer was
used and titrated to the desired pHs (7.00, 7.40, 8.00 and 8.50 ± 1.0 x 10 -3) with a 6N solution of
HCl (Sigma-Aldrich, 37%, 258148-2.5 L-GL, A.C.S Reagent, Pcode 4100462796, Lot #
SHBB1294V, CAS: 7647-01-0) using a Corning pH/ion analyzer 355 (Serial C1139) with an
Orion TriodeTM pH electrode (Model: 91-57BN). Initially, water obtained from a NANOpureTM
system was used to make all buffers. However, on April 24 th, 2014, water from a Milli-Q system
was used thereafter. All buffers were filtered using a sterile Autofil PES bottle top filtration
device (500 mL, 0.22 um PES unit, PN 1102-RLS, Lot # 400011496) and then stored at 4oC until
use.
Membrane confined-electrophoresis—All measurements were initially carried out in an MCE
apparatus (Spin-Analytical, [Laue et al., 1989]) in standard buffer. Membranes used were
Spectra/Por molecularporous membrane tubing with a MWCO of 6-8 kDa (Serial: 26872).
Membranes were prepped according to Laue et al. (1989). Biotech grade membranes from
Spectrapor were also used, but due to inconsistent run-to-run variability, were eschewed in favor
of normal dialysis Spectrapor membranes. Like all electrophoretic techniques that use glass
surfaces, MCE cuvettes are typically silanized to minimize electroendoosmosis [Ridgeway et al.
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1998]. A single silanization treatment can last a long time (>6 months) with no loss in data
quality. Thoroughly washing and rinsing the cuvette with alternating water, 1% Hellmanax and
isopropyl alcohol was sufficient to prepare the cuvette for another experiment. This simple
protocol was used for extended periods of time without requiring re-silanization. Furthermore,
there was no observed “sticking” of the Nanodiscs to the cuvette wall. After the sample was
loaded and the cell assembled, each sample was dialyzed for 24 hours before the experimental
run. A total of three sequential runs were performed per sample, with a 24 hour period used to
re-equilibrate the NanodiscTM concentration. After three sequential runs, we observed
fluctuations in the data, presumably due to material build up at the bottom membrane, and the
resultant deterioration of membranes as neutral porous structures. In order to increase
throughput, after 9 runs (triplicate runs of 3 per sample); dialysis time was cut to 12 hours. No
significant changes to the electrophoretic mobility were observed when the dialysis time was
shortened. All measurements were made using absorbance detection of the moving boundary at
230 nm and 20oC for standard experiments. The number of scans was initially set to 350, but
was variable across the different NanodiscTM samples due to the differing electrophoretic
mobilities. Conductivity measurements were made using a Bio-Rad pump system connected to a
conductivity monitor (Biologic LP System 731-8300 as part of the BioLogic DuoFlow detector
kit #750-0240.) and a VWR EC meter (model-1056, S/N 198310020) in conjunction with a
NESLAB RTE-111 temperature controlled water bath set to 20 oC.
Data analysis was performed according to MCE protocol (Spin Analytical). A stokes radius (Rs)
of ~ 4.8 nm for MSP1D1 Nanodiscs and ~ 5.6 nm for MSP1E3D1 Nanodiscs (Table 2) were
calculated from sedimentation velocity and agree with Rs values calculated from DLS
measurements by Inagaki et al. (2013). These Rs values were used in the data analysis. Values
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of the solvent viscosities used in calculating the Debye-Huckel Henry charge (ZDHH) can be
found in Table 3 and were calculated with Sednterp [Laue et al., 1992]. All Nanodiscs were run
at their stock concentrations (~18-20 uM for POPC and POPC/POPS Nanodiscs and ~10-12 uM
for POPA Nanodiscs), at 230 nm, 20 oC and at an electric field of ~ -2 V/cm. POPC and POPE
Nanodiscs also were run at electric fields of -4 and -6 V/cm due the lower magnitude of their
electrophoretic mobilities in order to increase the resolution between the moving boundaries.
ZDHH was calculated from the electrophoretic mobility as: ZDHH = μf/Qp(1+κa)/f(κa) where μ is
the electrophoretic mobility, f is the translational friction coefficient, κ is the inverse Debye
length, a is the sum of the Stokes radius of the macromolecule and its counterion, Q p is the
fundamental proton charge, and f(κa) is Henry’s function [Durant, 2003].
Analytical Ultracentrifugation using Sedimentation Velocity—All NanodiscTM samples were run
at wavelengths of 280 and 230 nm with sample absorbances in the range of 0.2-0.7 AU (with
respect to the solvent). For POPC and POPS Nanodiscs, a five-fold dilution of the stock solution
was sufficient. Each sample was run at a 1:5, 1:10 and 1:20 dilution at 280 and 230 nm. POPA
and POPE Nanodiscs were run at their stock concentration, 1:5 and 1:10 dilutions at 280 and 230
nm. All samples were run at 45000 RPM, 20 oC, acquiring 150 scans per analysis in a BeckmanCoulter XLA Ultracentrifuge. The data were analyzed using Sedfit, SedAnal, and DC/DT+
[Schuck, 2000; Stafford, 2003; Philo, 2000].
Analytical Ultracentrifugation using Sedimentation Equilibrium— All NanodiscTM samples were
run at 15, 20, 25 and 30-thousand RPM with scans acquired at 1 hour intervals for 20 hours per
rotor speed at 20 oC, using both 280 and 230 nm detection in a Beckman-Coulter XLA
Ultracentrifuge. Samples were diluted until the absorbance fell into the range of 0.2-0.7 AU.
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Prior to loading, each sample was dialyzed for a period of 48 hours, with buffer exchange every
12 hours. The data were analyzed using Hetero-Analysis [Cole and Hansen, 1999].
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RESULTS
Survey of NanodiscTM charge using membrane confined electrophoresis (Aim 1). In order to
characterize lipid effects on protein charge properties within the Nanodisc TM system,
foundational studies must be done on the Nanodiscs' themselves in order to: 1) generate
comparative charge data on pure lipid Nanodiscs that allows us to better interpret charge data
with protein-embedded Nanodiscs and 2) develop well defined experimental conditions in order
to optimize resolution and precision with respect to the charge measurements.
Figure 1A shows the raw intensity scan of a 30POPS NanodiscTM sample in standard buffer
using MCE. When monodisperse with respect to size and charge, Nanodiscs form a single
distinct moving boundary in the presence of an electric field. Figure 1B shows the transformed
ZDHH distribution curve (from the raw data of Figure 1A) of 30POPS Nanodiscs. Nanodiscs are
well behaved in MCE as seen by the symmetric ZDHH distribution.
Table 1 summarizes the hydrodynamic properties of Nanodiscs used to calculate Rs. For
sedimentation equilibrium data, the program Hetero-Analysis was used to acquire the buoyant
molecular weight (Mb). For sedimentation velocity experiments, Sedfit [Schuck, 2000], SedAnal
[Stafford, 2003] and DC/DT+ [Philo, 2000] were used to acquire the S20,w . Due to lack of
sample, sedimentation velocity and equilibrium experiments were not run on 10PIP 2 Nanodiscs.
Table 2 shows the calculated Stokes radius (R s) and partial specific volume (ῡ) of various
NanodiscTM samples. The Rs was used in calculating ZDHH from the electrophoretic mobility
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obtained from MCE. The Rs was calculated using information from both sedimentation velocity
and sedimentation equilibrium data as described by Cole et al. (2008). The partial specific
volume (ῡ) was obtained using a molecular weight calculated from the MSPs and 125 lipids for a
single NanodiscTM, the calculated Rs, experimental S20,w and the frictional coefficient f,
calculated from the Mb obtained via sedimentation equilibrium experiments.
Table 3 shows the properties of the different solvent conditions used in determining the
electrophoretic mobility and ZDHH of Nanodiscs by MCE. Due to slight variations in the
measured conductivity (that have been accounted for in the calculations of both the
electrophoretic mobility and ZDHH), ranges are given for the conductivities. The uncertainty of
the conductivity meters were ± 0.5% (VWR EC meter) and ± 1.0% (Biologic LP System 7318300). All viscosity values used were calculated using Sednterp [Laue et al. 1992].
Tables 4a and 4b show the charge estimated values of MSP1D1 (Table 5a) and MSP1E3D1
(Table 5b) Nanodiscs calculated from the summation of all ionizable groups, including: 1) those
found in the MSP amino acid composition and 2) those found on the hydrophilic head groups of
the specific embedded phospholipids at pH 7.4. MSP1D1 and MSP1E3D1 membrane
scaffolding proteins differ at ~ 66 amino acids, with the MSP1E3D1 protein forming larger
Nanodiscs. For neutral lipids such as PC and PE, the charge should come solely from the MSPs,
as neutral lipids should not contribute to the overall charge on Nanodiscs. For POPS Nanodiscs,
each lipid head group is assumed to contribute a charge of -1 per head group at pH 7.4. For
POPA Nanodiscs, each lipid head group is assumed to contribute a charge of ~ -1.25 per lipid
head group at pH 7.4. The estimated charge per lipid head group is calculated from the reported
pKa value of ~ 8.0 for the second ionization event of the phosphate group on PA lipids [Figures
C7 and C8; Marsh, 1990]. The expected charge per lipid head group of PIP 2 should be -3 and
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therefore the expected charge should be similar to that of 30POPS Nanodiscs [Toner et al. 1988].
Table 5 summarizes the electrophoretic mobility and ZDHH data on Nanodiscs in standard buffer
using MCE. For PIP2 Nanodiscs, an Rs of 4.9 nm was used in the calculation for ZDHH. This
value was the average Rs for all MSP1D1 Nanodiscs analyzed using analytical
ultracentrifugation.
MSP1D1 Nanodiscs versus MSP1E3D1 Nanodiscs. Figure 2 compares the ZDHH of MSP1D1
and MSP1E3D1 Nanodiscs. MSP1D1 and MSP1E3D1 Nanodiscs differ in size and number of
lipids per bilayer area. MSP1D1 Nanodiscs typically have a bilayer area of ~ 4400Å2 and ~ 126
total lipids (~ 63 per bilayer) [Ritchie et al., 2009]. MSP1E3D1 Nanodiscs typically have a
bilayer area of ~ 8900Å2 and ~ 250 total lipids (~ 125 per bilayer) [Ritchie et al., 2009]. Surface
area constraints are important to consider, as NanodiscTM embedded proteins displace lipids
within the bilayer, affecting both the charge and frictional properties of the protein and
NanodiscTM [Ritchie et al., 2009]. Larger proteins cannot be embedded into smaller Nanodiscs,
therefore, increasing the library of NanodiscTM charge to include larger Nanodiscs is important.
Figure 3 summarizes the comparative analysis of the measured ZDHH with that of the calculated
charge estimates of MSP1D1 (Tables 5a) and MSP1E3D1 (Table 5b) Nanodiscs. Note that as
the charge magnitude of the NanodiscTM increases, the fractional charge decreases for both
NanodiscTM sizes. The fractional charge depicted here is the ratio of the measured ZDHH to the
calculated charge estimates in Tables 5a and 5b. It must be noted that after initial experiments
using both MSP1D1 and MSP1E3D1 Nanodiscs, no significant differences were observed
between MSP1D1 and MSP1E3D1 Nanodiscs with respect to different solvent conditions.
Therefore it was assumed that any effects seen in MSP1D1 Nanodiscs would be duplicated with
the MSP1E3D1 Nanodiscs.
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Comparison of similarly charged phospholipids: phosphatidylcholine versus
phosphatidylethanolamine. Table 6 shows a comparison of the ZDHH for POPC and POPE
Nanodiscs. Both PC and PE lipids usually are considered neutral. For PC lipids, the general
consensus is that the positively charged choline group at the surface and the negatively charged
phosphate in the ester bond electrostatically cancel each other out, resulting in an electrically
neutral molecule [Marsh, 1990]. However, PC lipids do posses a significant dipole ~ 10 D
[Clarke, 1997]. It must be noted that while the measured dipole of PC lipids is relatively large
and categorically makes it a “highly ionic” molecular species, a Debye unit is still only 1 x 10 -10
charge units as expressed in electrostatic units ∙ angstroms (esu·Å). Interestingly, studies on PC
lipids using different electrophoretic techniques have observed non-zero mobilities and zeta
potentials [McLaughlin et al., 1978; Woodle et al., 1992; Pincet et al., 1999; Klasczyk et al.,
2010; Disalvo and Bouchet 2014]. This may be due to lipid impurities, heterogeneous liposome
size distributions, chemical modifications, or electrophoresis-specific effects such as
electroendosmosis. One major difference between the liposomes used in those studies and the
Nanodiscs used in this study is the presence of the MSPs on the Nanodiscs. These proteins give
a net negative charge overall and therefore non-zero electrophoretic mobilities on POPC
Nanodiscs were expected.
PE lipids are also considered neutral due to the ammonium cation and the anionic
phosphate ester group cancelling the charges electrostatically. In addition, at pH 7.4, the pH is
not high enough to ionize the ammonium cation group, with its pKa ~ 11.25 [Figure C4; Marsh,
1990]. Like PC lipids, PE also has a dipole between the positively charged ammonium cation
and the negatively charged phosphate; although measurements on the strength of that dipole
cannot currently be found in the literature (although most agree that it should be on the same
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order of the dipole moment found on PC lipids) [Clarke, 1997]. While the POPC Nanodiscs
exhibit a charge that does not exceed the calculated charge of the MSP1D1 membrane
scaffolding proteins (Table 5a), 10POPE Nanodiscs exhibit a charge significantly larger in
magnitude than POPC Nanodiscs, demonstrating that POPE Nanodiscs should be considered
anionic lipids in this system. The ZDHH of 10POPE Nanodiscs is much closer to the ZDHH of
10POPS Nanodiscs.
Figures 4a and 4b show a comparison of the transformed ZDHH distribution curves for POPC
(Figure 4a) and POPE (Figure 4b) Nanodiscs. Notice that the POPC Nanodiscs provide a much
narrower and more symmetrical charge distribution. However, 10POPE lipids also show a
significantly higher electrophoretic mobility and Z DHH than POPC Nanodiscs, even though PC
and PE are considered “neutral” lipids.
Phosphatidylserine versus phosphatidic acid. Figure 5 summarizes the charge data comparing
POPS and POPA Nanodiscs in standard buffer. Both PS and PA lipids have a net charge of ~ -1
at physiologic pH. However, their head group structures are different, with PS lipids containing
a serine group that includes a carboxylate anion and ammonium cation group, and PA lipids
lacking a head group and having just the phosphate group. Thus, while both PS and PA lipids
have similar expected net charges, the physical and chemical nature of the groups giving rise to
that charge are quite different. For PS, there is a dipole between the ammonium and carboxyl
group that is not present in PA. Furthermore, PA lipids contain an ionizable group with a pKa (~
8.0) within physiologic range and can potentially exhibit a net charge of -1 to -2 depending on
the local lipid microenvironment [Marsh, 1990]. Significant differences in the measured
electrophoretic mobilities and ZDHH could provide insight as to the local environmental
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differences in similarly charged anionic lipids; which could explain why one lipid may be
preferred over the other in specific ion-mediated reactions.
The ZDHH of POPA Nanodiscs exhibit a significantly higher charge magnitude than those
of equivalent POPS Nanodiscs, suggesting that the charge per lipid head group of each PA lipid
is slightly greater than -1.
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A

B

Figure 1 Free-boundary electrophoresis of 30 POPS Nanodiscs. A: Raw intensity scans shows
boundary movement from left to right as an intensity increase where the boundary has passed, B:
The distribution of ZDHH calculated as μf (1+ka)/(f(ka)QP), where µ is the electrophoretic
mobility in cm2/V-s, etc. [Ridgeway et al., 1989] The distribution width is due to the combined
effects of diffusion, charge heterogeneity and conductance variation across the boundary, and not
the charge heterogeneity alone. Although there are variations in light intensity due to dust and
scratches on the optics, these do not obscure the boundary. Importantly, these intensity
variations are spatially consistent with time, and therefore removed using the time difference
method in manner analogous to the time difference methods used for sedimentation velocity
[Stafford, 1992].
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NanodiscTM Sample

Buoyant Molecular Weight (kDa) Sedimentation coefficient (S20,w)

MSP1D1 POPC

14.3 ± 0.4

3.052 ± 5.0 x 10-3

MSP1D1 10% POPS

15.5 ± 0.4

3.127 ± 5.0 x 10-3

MSP1D1 30% POPS

17.8 ± 0.6

3.509 ± 3.0 x 10-3

MSP1D1 70% POPS

21.6 ± 0.7

4.427 ± 5.0 x 10-3

MSP1E3D1 POPC

16.8 ± 1.2

2.937 ± 4.0 x 10-3

MSP1E3D1 10% POPS

19.0 ± 0.6

3.259 ± 2.0 x 10-3

MSP1E3D1 30% POPS

20.6 ± 0.6

3.621 ± 4.0 x 10-3

MSP1E3D1 70% POPS

26.7 ± 1.1

4.641 ± 3.0 x 10-3

MSP1D1 10% POPA

14.6 ± 0.8

3.022 ± 3.0 x 10-3

MSP1D1 30% POPA

15.7 ± 0.8

3.176 ± 6.0 x 10-3

MSP1D1 70% POPA

18.5 ± 1.0

3.595 ± 8.0 x 10-3

MSP1D1 10% POPE

14.6 ± 0.6

3.031 ± 4.0 x 10-3

MSP1D1 10% PIP2

ND

ND

Table 1 Hydrodynamic properties of lipid Nanodiscs as acquired by sedimentation equilibrium
(Mb) and sedimentation velocity (S20,w) experiments using an analytical ultracentrifuge.

24

NanodiscTM Sample

Rs (nm)

ῡ (cm3/g)

MSP1D1 POPC

4.7 ± 5.0 x 10-2

0.888 ± 3.0 x 10-3

MSP1D1 10% POPS

4.9 ± 3.0 x 10-2

0.892 ± 4.0 x 10-3

MSP1D1 30% POPS

5.0 ± 5.0 x 10-2

0.879 ± 4.0 x 10-3

MSP1D1 70% POPS

4.8 ± 4.0 x 10-2

0.886 ± 3.0 x 10-3

MSP1E3D1 POPC

5.7 ± 8.0 x 10-2

0.899 ± 3.0 x 10-3

MSP1E3D1 10% POPS

5.8 ± 1.0 x 10-1

0.889 ± 2.0 x 10-2

MSP1E3D1 30% POPS

5.7 ± 6.0 x 10-2

0.891 ± 4.0 x 10-3

MSP1E3D1 70% POPS

5.7 ± 1.0 x 10-1

0.889 ± 3.0 x 10-3

MSP1D1 10% POPA

4.8 ± 6.0 x 10-2

0.891 ± 4.0 x 10-3

MSP1D1 30% POPA

4.9 ± 6.0 x 10-2

0.889 ± 4.0 x 10-3

MSP1D1 70% POPA

5.1 ± 1.1 x 10-1

0.889 ± 3.0 x 10-3

MSP1D1 10% POPE

4.8 ± 4.0 x 10-2

0.889 ± 2.0 x 10-3

MSP1D1 10% PIP2

ND

ND

Table 2 Hydrodynamic properties of Nanodiscs calculated from the data acquired via
sedimentation equilibrium and sedimentation velocity experiments on an analytical
ultracentrifuge.
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Buffer
Conductivity (mS)
Viscosity (cρ)
100mM NaCl, 50mM Tris pH 7.4
12.0 - 12.4
1.0267
34mM NaCl, 17mM Tris pH 7.4
3.9 - 4.1
1.0102
50mM NaCl, 25mM Tris pH 7.4
5.6 - 6.0
1.0142
68mM NaCl, 34mM Tris pH 7.4
8.1 - 8.3
1.0187
84mM NaCl, 42mM Tris pH 7.4
10.1 - 10.4
1.0227
150mM NaCl, 75mM Tris pH 7.4
17.5 - 18.0
1.0390
100mM NaCl, 50mM Tris, 3mM CaCl2 pH 7.4
10.0 - 10.5
1.0272
100mM NaCl, 50mM Tris, 3mM MgCl pH 7.4
11.8 - 12.3
1.0280
100mM KCl, 50mM Tris pH 7.4
14.3 - 14.7
1.0160
100mM LiCl, 50mM Tris pH 7.4
9.8 - 10.4
1.0421
1X PBS
13.5 - 13.8
1.0200
100mM Na2So4, 50mM Tris pH 7.4
16.2 - 16.5
1.0550
100mM NaCl, 50mM Tris pH 7.0
12.4 - 12.8
1.0267
100mM NaCl, 50mM Tris pH 8.0
11.2 - 11.5
1.0267
100mM NaCl, 50mM Tris pH 8.5
10.4 - 10.8
1.0267
a
100mM NaCl, 50mM Tris pH 7.4
13.8 - 14.0
0.890
b
100mM NaCl, 50mM Tris pH 7.4
16.8 - 17.1
0.719
Table 3 Solvent properties of different buffers used to determine the electrophoretic mobility
and ZDHH (see Material and Methods for conductivity protocol) of Nanodiscs by MCE.
Experiments, unless denoted, were performed at 20oC.
a

Conductivity and viscosity values of standard buffer at 25 oC

b

Conductivity and viscosity values of standard buffer at 35 oC
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MSP1D1 Nanodiscs

Charge contribution
from belt proteins

Charge contribution
from phospholipids

Calculated Total
Charge

POPC/POPE

-16

0

-16

10% POPS

-16

-13

-29

30% POPS

-16

-38

-54

70%POPS

-16

-88

-104

10% POPA

-16

-16

-32

30% POPA

-16

-47

-63

70% POPA

-16

-109

-125

10% PIP2

-16

-38

-54

MSP1E3D1
Nanodiscs

Charge contribution
from belt proteins

Charge contribution
from phospholipids

Calculated Total
Charge

POPC

-20

0

-20

10% POPS

-20

-25

-45

30% POPS

-20

-75

-95

70%POPS

-20

-175

-195

Tables 4a and 4b show the calculated charge estimates of MSP1D1 and MSP1E3D1 Nanodiscs,
respectively.
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NanodiscTM Sample

Electrophoretic Mobility
(cm2/V·s)

ZDHH

MSP1D1 POPC

-4.2 x 10-5 ± 3.8 x 10-6

-14.1 ± 1.0

MSP1D1 10% POPS

-7.1 x 10-5 ± 2.9 x 10-6

-24.6 ± 0.8

MSP1D1 30% POPS

-1.2 x 10-4 ± 5.7 x 10-6

-38.5 ± 1.4

MSP1D1 70% POPS

-1.7 x 10-4 ± 3.8 x 10-6

-56.4 ± 2.4

MSP1E3D1 POPC

-3.8 x 10-5 ± 3.9 x 10-6

-18.0 ± 0.7

MSP1E3D1 10% POPS

-7.9 x 10-5 ± 3.9 x 10-6

-37.0 ± 2.0

MSP1E3D1 30% POPS

-1.2 x 10-4 ± 3.6 x 10-6

-57.2 ± 2.5

MSP1E3D1 70% POPS

-2.0 x 10-4 ± 5.0 x 10-6

-92.3 ± 4.1

MSP1D1 10% POPA

-7.5 x 10-5 ± 1.7 x 10-6

-26.2 ± 1.7

MSP1D1 30% POPA

-1.4 x 10-4 ± 1.6 x 10-5

-45.0 ± 3.0

MSP1D1 70% POPA

-2.1 x 10-4 ± 1.0 x 10-5

-66.6 ± 4.7

MSP1D1 10% PIP2

1.2 x 10-4 ± 3.6 x 10-6

-39.7 ± 1.1

MSP1D1 10% POPE

6.5 x 10-5 ± 5.3 x 10-6

-21.4 ± 1.5

Table 5 The measured electrophoretic mobility and ZDHH values of various Nanodiscs in
standard buffer containing various phospholipid ratios using MCE. The charge magnitude
increases as more anionic lipids are incorporated into Nanodiscs. Note that the electrophoretic
mobility measured resulted in a ZDHH for POPC Nanodiscs that does not exceed the calculated
charge of the membrane scaffolding proteins from the amino acid sequence.
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MSP1D1 vs. MSP1E3D1 Nanodisc

TM

charge

-100

MSP1D1 Nanodiscs
MSP1E3D1 Nanodiscs

-80

ZDHH

-60

-40

-20

0
POPC

10% POPS

30% POPS

70%POPS

Nanodisc Composition
Figure 2 ZDHH of MSP1D1 (black) and MSP1E3D1 (gray) Nanodiscs with varying PS content
measured in standard buffer. In this and subsequent figures, the ordinate has been inverted, so
that the amplitude reflects the anionic charge magnitude. The vertical bars in the figures
represent the standard deviations.
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1

Fractional Charge of MSP1D1 vs. MSP1E3D1
Nanodiscs

Fractional Charge Ratio

0.9
0.8
0.7

MSP1D1

MSP1E3D1

0.6
0.5
0.4
0.3
0.2
0.1
0
POPC

10POPS

30POPS

70POPS

Figure 3 The fractional charge of MSP1D1 (black) and MSP1E3D1 (gray) Nanodiscs with
varying PS content. The fractional charge was obtained from the ratio of the Z DHH to the
calculated charge estimates seen in Tables 5a and 5b. A ratio of 1 means that the raw charge of
the molecule is fully expressed in solution, with no neutralization from any counter-ions. Ratios
below one mean that charge neutralization is occurring.
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Neutral Lipids
NanodiscTM Sample
Buffer
MSP1D1 POPC
100 mM NaCl, 50 mM Tris, pH 7.4
MSP1D1 10POPE
100 mM NaCl, 50 mM Tris, pH 7.4
Table 6 A comparison of the ZDHH of neutral lipids PC and PE.

ZDHH
-14.1 ± 1.0
-21.4 ± 1.5

A

B

Figures 4a and 4b The transformed ZDHH distribution of MSP1D1 POPC (a) and POPE (b)
Nanodiscs.
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MSP1D1 POPS vs. POPA Nanodisc

TM

Charge

-100

POPS Nanodiscs
POPA Nanodiscs

-80

ZDHH

-60

-40

-20

0

10%

30%
Anionic Lipid Composition

70%

Figure 5 Comparison of ZDHH for MSP1D1 POPS (black) and POPA (gray) Nanodiscs from
their measured electrophoretic mobilities using MCE. As shown, the charge magnitudes
between POPS and POPA Nanodiscs differ slightly at low lipid composition by ~ 8%. However,
at higher anionic lipid composition the difference in charge magnitude between POPS and POPA
increases to ~ 18%.

32

Survey of NanodiscTM charge in different monovalent cationic solvents. After establishing a
baseline of NanodiscTM charge in standard buffer, it is important to observe Nanodiscs in
different ionic environments. Since charge is a system property, it cannot be assumed that the
charge it carries in one solvent is the same in another.
Figures 6 shows the ZDHH of MSP1D1 POPC and MSP1D1 POPS Nanodiscs in PBS, and in the
presence of different monovalent alkali cations Na+, K+, and Li+. Figure 7 shows the ZDHH of
MSP1D1 POPA Nanodiscs in PBS and in the presence of different monovalent alkali cations
Na+, K+, and Li+. Figures 8 shows the ZDHH of MSP1D1 10POPE and MSP1D1 10PIP2
Nanodiscs in PBS and in the presence of different monovalent alkali cations Na+, K+, and Li+.
Na+, K+, and Li+ ions have been observed generally to have non-specific interactions with
lipids [Tatulian, 1987; Binder and Zschornig, 2002; Klasczyk et al. 2010], allowing us to
generate comparative studies differentiating non-specific ion adsorption from specific binding
events. As seen, the different monovalent alkali cations did not show a significant difference in
the electrophoretic mobilities and ZDHH across all NanodiscTM samples.
Survey of NanodiscTM charge as a function of Na+ concentration.
Figures 9 shows the ZDHH for MSP1D1 POPC and MSP1D1 10POPE Nanodiscs as a function of
Na+ concentration. Figures 10 shows the ZDHH for MSP1D1 10POPS, 30POPS, and 70POPS
Nanodiscs as a function of Na+ concentration. Figures 11 shows the ZDHH for MSP1D1
10POPA, 30POPA, and 70POPA Nanodiscs as a function of Na+ concentration. Figures 12
shows the ZDHH for MSP1D1 10PIP2 Nanodiscs as a function of Na+ concentration.
These measurements provide insights into the strength of interaction between Na + ions
and Nanodiscs, since the calculation of ZDHH takes into account the effects of salt concentration
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on electrophoretic processes. Thus, changes in ZDHH reflect changes in ion binding by Nanodiscs.
It is seen in Figure 9 that the charge on POPC Nanodiscs is rather insensitive to Na+
concentration, whereas increasing levels of anionic lipids in POPE (Figure 9), POPS (Figure
10), POPA (Figure 11), and PIP2 (Figure 12) Nanodiscs lead to increasing sensitivity to Na+
concentration. However, at high Na+ concentrations, even POPS, POPA, POPE and PIP2
Nanodiscs become insensitive to changes in the salt concentration. This observation agrees well
with polyelectrolyte theory. When enough counter-ions are adsorbed to a macromolecule to
bring the free energy of the system (in this case, the lipid-water surface) under a particular
energy threshold (in this case, the thermal energy k BT), additional ions will not continue to
adsorb onto the surface of the Nanodiscs [Manning, 1969].
Extrapolation of ZDHH to zero salt concentration.
Figure 13 shows ZDHH as a function of Na+ concentration for MSP1D1 POPC Nanodiscs fitted to
a 3rd order polynomial. Figure 14 shows ZDHH as a function of Na+concentration for MSP1D1
10POPE Nanodiscs fitted to a 3rd order polynomial. Figures 15, 16 and 17 show ZDHH as a
function of Na+ concentration for MSP1D1 10POPS, 30POPS and 70POPS Nanodiscs,
respectively, fitted to a 3rd order polynomial. Figures 18, 19 and 20 show ZDHH as a function of
Na+concentration for MSP1D1 10POPA, 30POPA and 70POPA Nanodiscs, respectively, fitted
to a 3rd order polynomial. Figure 21 shows ZDHH as a function of Na+ concentration for
MSP1D1 10PIP2 Nanodiscs fitted to a 3rd order polynomial. Table 7 summarizes and compares
the extrapolated ZDHH values at zero salt to that of the calculated charge estimates (Tables 5a and
5b).
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It is not surprising that the measured ZDHH (Table 5) of pure lipid Nanodiscs is of a lower
magnitude than the charge calculated estimates (Tables 4a and 4b). In numerous studies of
other macromolecules (proteins and DNA in particular), measured charges were also lower in
magnitude than their calculated charges [Durant, 2003; May, 2007; Filoti et al., 2015]. However,
while the measured charges reflect chemical and electrostatic interactions in solution, it is very
difficult to get the raw charge on a molecule directly using electrophoretic methods. An inherent
limitation of electrophoresis is the need for a sufficient amount of ions to carry the charge from
one electrode to another [Filoti et al., 2015]. At higher salt concentrations, the solvent ion
conducts the vast majority of the current, and the macro-ion carries only a small fraction of the
total current. The amount of current carried is described by the repetition function. The
repetition function is described and used by Ornstein and Davis (1964), with respect to gel
electrophoresis. However, when there aren’t enough ions in solution, the macromolecule must
now carry a larger fraction of the current to satisfy electro-neutrality [Altria, 1996]. As a result,
the electrophoretic mobility of the molecule is perturbed due to it influencing a greater fraction
of the electric field.
What must be done therefore is to run samples at the lowest possible salt concentrations
(having sufficient ions) and then extrapolate to zero salt in order to estimate the raw charge based
off the electrophoretic mobility data. For lipid Nanodiscs, 34 mM (resulting in a solution with an
ionic strength of ~ 50 mM) was the lowest salt concentration that did not result in asymmetric
moving boundaries (that are commonly seen when there are not enough ions in solution).
A 3rd order polynomial model fit the charge data best and can provide some insight as to
the raw charge of the Nanodiscs. Table 7 shows that for POPC, 10POPE, 10POPS, 30POPS,
10POPA, and 30POPA the extrapolated ZDHH to zero salt concentrations were slightly higher
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than the calculated charge estimates. For 70POPS, 70POPA and 10PIP2 Nanodiscs, the
extrapolated ZDHH to zero salt of was lower than the calculated charge estimate. While the
extrapolated ZDHH to zero salt of 10PIP2 Nanodiscs was only slightly lower than the calculated
charge (~ 3%), the extrapolated ZDHH to zero salt of 70POPS (~ 16%) and 70POPA (~ 33%)
were significantly lower in comparison.
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Charge in Different Buffer Solutions
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MSP1D1 Nanodiscs
Figure 6 ZDHH of MSP1D1 POPC and POPS Nanodiscs in different solvent conditions.
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Nanodisc
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Charge in Different Buffer Solutions
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Figure 7 ZDHH of MSP1D1 POPA Nanodiscs in different solvent conditions.
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Figure 8 ZDHH charges of MSP1D1 10POPE and 10PIP2 Nanodiscs in different solvent
conditions.
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ZDHH as a function of salt concentration of neutral lipid Nanodiscs
-100

POPC Nanodiscs
10POPE Nanodiscs
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-40

-20

0
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Ionic Strength (mM)

Figure 9 ZDHH as a function of Na+ concentration for neutral lipids PC (squares) and PE
(triangles). MSP1D1 POPC NanodiscTM charge magnitude remained constant independent of salt
concentration. MSP1D1 POPE NanodiscTM charge however, decreased in charge magnitude as
the salt concentration of the buffer solution increased, although at Na+ concentrations of 75 mM
and higher, 10POPE NanodiscTM charge plateaus.
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ZDHH as a function of salt concentration of POPS Nanodiscs
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Figure 10 ZDHH as a function of Na+ concentration for MSP1D1 POPS Nanodiscs. Similar to
POPE Nanodiscs, the charge magnitude of POPS Nanodiscs decreased as the salt concentration
increased. For POPS Nanodiscs, the plateau threshold increases as POPS content increases, with
10POPS (squares) reaching a plateau at ~ 75 mM, 30POPS (circles) at ~ 100 mM and 70POPS
(triangles) reaching a plateau at ~ 125 mM.
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ZDHH as a function of salt concentration of POPA lipid Nanodiscs
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Figure 11 ZDHH as a function of Na+ concentration for MSP1D1 POPA Nanodiscs. Similar to
other anionic Nanodiscs, the charge magnitude of POPA Nanodiscs decreased as the salt
concentration increased. For POPA Nanodiscs, the plateau threshold increases as POPA content
increases, with 10POPA (squares) reaching a plateau at ~ 100 mM, 30POPA (circles) at ~ 125
mM and 70POPA (triangles) reaching a plateau at ~ 150 mM.
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ZDHH as a function of salt concentration of PIP2 lipid Nanodiscs
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Figure 12 ZDHH as a function of Na+ concentration for MSP1D1 PIP2 Nanodiscs. Similar to
other anionic Nanodiscs, the charge magnitude of PIP2 Nanodiscs decreased as the salt
concentration increased. For PIP2 Nanodiscs, the plateau threshold was similar to that of
30POPS Nanodiscs at ~ 100 mM (Figure 10).
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ZDHH as a function of salt concentration of POPC Nanodiscs
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Figure 13 ZDHH as a function of Na+ concentration for MSP1D1 POPC Nanodiscs fitted to a 3 rd
order polynomial. The intercept of the 3rd order polynomial was -18.7 ± 0.3. In this and
subsequent figures, the square data points represent the experimental ZDHH values using MCE
and the triangle data point represents the extrapolated intercept value at zero salt. The line
represents the fit of the 3rd order polynomial to the experimental data points.
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ZDHH as a function of salt concentration of 10% POPE Nanodiscs
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Figure 14 ZDHH as a function of Na+ concentration for MSP1D1 10POPE Nanodiscs fitted to a
3rd order polynomial. The intercept of the 3rd order polynomial was -32.7 ± 2.7.
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ZDHH as a function of salt concentration of 10% POPS Nanodiscs
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Figure 15 ZDHH as a function of Na+ concentration for MSP1D1 10POPS Nanodiscs fitted to a
3rd order polynomial. The intercept of the 3rd order polynomial was -35.1 ± 4.1.
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ZDHH as a function of salt concentration of 30% POPS Nanodiscs
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Figure 16 ZDHH charge as a function of Na+ concentration for MSP1D1 30POPS Nanodiscs
fitted to a 3rd order polynomial. The intercept of the 3rd order polynomial was -56.5 ± 5.7.
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ZDHH as a function of salt concentration of 70% POPS Nanodiscs
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Figure 17 ZDHH as a function of Na+ concentration for MSP1D1 70POPS Nanodiscs fitted to a
3rd order polynomial. The intercept of the 3rd order polynomial was -87.8 ± 8.6.
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ZDHH as a function of salt concentration of 10% POPA Nanodiscs
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Figure 18 ZDHH as a function of Na+ concentration for MSP1D1 10POPA Nanodiscs fitted to a
3rd order polynomial. The intercept of the 3rd order polynomial was -35.9 ± 4.8.
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ZDHH as a function of salt concentration of 30% POPA Nanodiscs
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Figure 19 ZDHH as a function of Na+ concentration for MSP1D1 30POPA Nanodiscs fitted to a
3rd order polynomial. The intercept of the 3rd order polynomial was -69.8 ± 2.0.

50

ZDHH as a function of salt concentration of 70% POPA Nanodiscs
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Figure 20 ZDHH as a function of Na+ concentration for MSP1D1 70POPA Nanodiscs fitted to a
3rd order polynomial. The intercept of the 3rd order polynomial was -83.5 ± 5.0.
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ZDHH as a function of salt concentration of 10% PIP2 Nanodiscs
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Figure 21 ZDHH as a function of Na+ concentration for MSP1D1 10PIP2 Nanodiscs fitted to a 3rd
order polynomial. The intercept of the 3rd order polynomial was -52.6 ± 2.0.

52

NanodiscTM Sample

Extrapolated ZDHH at zero salt
Calculated total charge
concentration
MSP1D1 POPC
-18.7 ± 0.3
-16
MSP1D1 POPE
-32.7 ± 2.7
-29
MSP1D1 10POPS
-35.1 ± 4.1
-29
MSP1D1 30POPS
-56.5 ± 5.7
-54
MSP1D1 70POPS
-87.8 ± 8.6
-104
MSP1D1 10POPA
-35.9 ± 4.8
-32
MSP1D1 30POPA
-69.8 ± 2.0
-63
MSP1D1 70POPA
-83.5 ± 5.0
-125
MSP1D1 10PIP2
-52.6 ± 2.0
-54
Table 7 Summary and comparison of the extrapolated ZDHH values at zero salt to the calculated
charge estimates seen in Tables 5a and 5b.
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Divalent Cations. Divalent cations have been shown to play direct roles in various lipid:lipid
and lipid:protein interactions. In particular, there are numerous reactions that do not occur in the
absence of a particular divalent cation [Tavoosi et al., 2009]. Ca2+ and Mg2+ are relevant with
respect to lipids because the electrostatic properties of the lipids also play a role in ion-mediated
reactions with proteins, lipid translocation and bilayer aggregation/fusion [Martin-Molina et al.,
2012].
POPC and POPS Nanodiscs. Figure 22a shows the ZDHH of MSP1D1 POPC and MSP1D1
10POPS, 30POPS and 70POPS Nanodiscs in the absence and presence of divalent cations Ca 2+
and Mg2+. In the presence of 3 mM Mg2+, there is no significant change to the ZDHH of POPC
and POPS Nanodiscs. In the presence of 3 mM CaCl2, ZDHH decreases by ~ 20-25% for both
POPC and POPS Nanodiscs. However, the absolute magnitude of the ZDHH decrease in the
presence of 3 mM Ca2+ increases with increasing PS content. Figure 22b shows the fractional
charge of MSP1D1 POPC and MSP1D1 POPS Nanodiscs in the presence of 3 mM Ca 2+. In
Figure 22b, the fractional charge depicted here, is the ratio of the ZDHH in the presence of Ca2+ to
the ZDHH in the absence of Ca2+ (Table 1).
POPA Nanodiscs. Figures 23a and 23b show the sedimentation velocity of MSP1D1 70POPA
Nanodiscs in the absence (a) and presence (b) of Ca2+. In the presence of 3 mM Ca2+, multiple
larger species to appear (Figure 23b). This was also observed in the MSP1D1 10 and 30POPA
Nanodiscs (Figures A12 and A14). Typical of all NanodiscTM samples is a peak at 0.5 S. It is
currently unknown as to what that material is, but it is not an artifact. It is present in every
NanodiscTM sample that has been analyzed by AUC using Sedfit analysis.
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Figures 24a and 24b show the ZDHH distribution of MSP1D1 30POPA Nanodiscs in the presence
of 3 mM Ca2+ (Figure 24a) and 3 mM Mg2+ (Figure 24b). In comparison to the ZDHH
distribution of MSP1D1 30POPS Nanodiscs, the population of MSP1D1 30POPA Nanodiscs
contains a pronounced shoulder (indicated by arrow) and is heterogeneous in terms of size and
charge in the presence of Ca2+. It should be noted, that while aggregate formation was observed,
the ZDHH was not completely neutralized and a non-zero ZDHH was observed. The ZDHH of
30POPA Nanodiscs was ~ 50% less in the presence of Ca2+, in comparison to the ZDHH of POPA
Nanodiscs in the absence of Ca2+. The ZDHH of 30POPA Nanodiscs was ~ 30% less in the
presence of Ca2+, in comparison to the ZDHH of 30POPA Nanodiscs in the presence of 3 mM
Mg2+. Similar ZDHH data was observed in 10POPA and 70POPA Nanodiscs.
Figure 25 shows the ZDHH of POPA Nanodiscs in the absence and presence of Mg2+. As seen in
Figure 23b and Figure 24, POPA Nanodiscs aggregate in the presence of Ca2+. However, in the
presence of Mg2+, ZDHH decreases by ~ 25%. This is in contrast to POPC and POPS Nanodiscs,
which do not see a change in ZDHH in the presence of Mg2+ (Figure 6).
Figure 26a shows the fractional charge of MSP1D1 POPA Nanodiscs in the presence of 3 mM
Mg2+. In this graph, the fractional charge depicted, is the ratio of the ZDHH of POPA Nanodiscs
in the presence of 3 mM Mg2+ to the ZDHH of POPA Nanodiscs in the absence of 3 mM Mg2+.
While the fractional charge does decrease slightly as more PA lipids are incorporated, the change
is not significant (<10%) as more PA lipids are incorporated.
Figure 26b shows a comparison of the fractional charge of MSP1D1 POPS Nanodiscs in the
presence of Ca2+ to the fractional charge of MSP1D1 POPA Nanodiscs in the presence of Mg 2+.
Similar to the fractional charge of POPS Nanodiscs in the presence of Ca 2+, the fractional charge
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of POPA Nanodiscs in the presence of Mg2+ decreases ~ 20-25% as more anionic lipids are
incorporated into the Nanodiscs.
POPA Nanodiscs behave very differently in the presence of divalent cations and therefore
is treated separately from POPC and POPS data (Figures 24 and 25). However, Mg2+ affects the
electrophoretic mobility and ZDHH of POPA Nanodiscs similarly to that of Ca2+ and POPC and
POPS Nanodiscs as seen by the similar fractional charges (Figure 26b). At the current time, this
observation cannot be explained. In addition, POPA Nanodiscs also exhibit a proclivity to
aggregate irreversibly in the presence of Ca2+. In the presence of Ca2+, AUC (Figure 23b) and
MCE (Figure 24) data show multiple peaks and shoulders that cannot be diluted out with
multiple rounds of dialysis (up to a week of dialyzing with buffer exchanges every 12 hours).
PIP2 Nanodiscs. Figure 27 shows the ZDHH distribution of 10PIP2 Nanodiscs in standard buffer
in the absence of divalent cations. Figure 28 shows the ZDHH distribution of 10PIP2 Nanodiscs
in the presence of 3 mM Ca2+. Figure 29 shows the ZDHH distribution of 10PIP2 Nanodiscs in
the presence of 3 mM Mg2+. Table 8 summarizes the ZDHH of 10PIP2 Nanodiscs in the absence
and presence of divalent cations Ca2+ and Mg2+.
Table 9 summarizes the aggregation behavior of POPC, POPE, POPS, POPA and PIP 2
Nanodiscs in the presence of divalent cations Ca2+ and Mg2+.
PIP2 Nanodiscs behave oppositely that of POPA Nanodiscs. In the presence of Ca 2+, the
ZDHH of PIP2 Nanodiscs is decreased by ~ 50% relative to the ZDHH of PIP2 Nanodiscs in the
absence of Ca2+ (Figure 28 and Table 8). In the presence of Mg2+, aggregation behavior was
observed (Figure 29). In addition, the fractional charge of PIP 2 Nanodiscs in the presence of
Ca2+ is much lower in magnitude than that of POPC and POPS in the presence of Ca 2+ (Figure
56

30). Like POPA Nanodiscs, the aggregation behavior of PIP 2 Nanodiscs cannot be diluted or
dialyzed away, suggesting an irreversible interaction.
POPE Nanodiscs were well behaved in standard buffer and solvents containing different
monovalent alkali cations. However MCE experiments in the presence of Mg 2+ and Ca2+ were
not successful. When Mg2+ or Ca2+ was dialyzed into the sample (from 24 hours to a maximum
of 72 hours), mobility experiments resulted in no movement of the POPE Nanodiscs. It is not
very likely the POPE Nanodiscs are completely neutral, as the membrane scaffolding protein
should still contribute overall net negative charge to the Nanodiscs. If POPC Nanodiscs were not
observed to be stationary in any capacity, neither should POPE Nanodiscs, unless sufficient
cationic charge was added with Mg2+ and Ca2+ to make the Nanodiscs neutral.
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Figure 22a ZDHH of MSP1D1 POPC and POPS Nanodiscs in the absence and presence of
different divalent cations. When Mg2+ is added, there is no significant change to the ZDHH of
POPC and POPS Nanodiscs. When 3 mM CaCl2 is added, the charge magnitude decreases by
~ 20-25% for both POPC and POPS.
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Fractional Charge of MSP1D1 POPC and POPS Nanodiscs in 3 mM Ca

2+
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Figure 22b Fractional charge of MSP1D1 POPC and POPS Nanodiscs in standard buffer with
3 mM CaCl2 added. In this graph, the fractional charge is the ratio of the ZDHH in the presence of
Ca2+ to the ZDHH in the absence of Ca2+ (Table 1). The data show that there is a 20-25%
decrease in the charge magnitude, in the presence of 3 mM Ca2+ regardless of PS content.
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A

B

Figure 23a and 23b Sedimentation velocity data of MSP1D1 70POPA in the absence (a) and
presence (b) of Ca2+.
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A

B

Figures 24a and 24b MCE data for MSP1D1 30POPA Nanodiscs in the presence of 3 mM Ca 2+
(a) and 3 mM Mg2+ (b). Unlike the distribution data seen in Figure 1, there is a pronounced
shoulder (indicated by the arrow) in this data in accord with the aggregation characterized by
sedimentation velocity (Figure 23b). This peak mobility is considerably less than 30POPA in
the absence of Ca2+ (Table 4) and in the presence of Mg2+, but the distribution is very broad,
indicating that there is aggregation as well as neutralization occurring. Similar ZDHH
distributions were also observed with 10 and 70POPA Nanodiscs in the presence of Ca 2+.
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Figure 25 The ZDHH of POPA Nanodiscs in the absence (black) and presence (gray) of Mg2+.
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Fractional Charge of MSP1D1 POPA Nanodiscs in 3 mM Mg

2+
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Figure 26a Fractional charge of MSP1D1 POPA Nanodiscs in the presence of 3 mM Mg 2+. In
this graph, the fractional charge is the ratio of the ZDHH in the presence of 3 mM Mg2+ to the
ZDHH in the absence of 3 mM Mg2+.
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Figure 26b Comparison of the fractional charge between POPS Nanodiscs in the presence of
3mM Ca2+ (black) and POPA Nanodiscs in the presence of Mg2+ (gray). The fractional charges
are similar for the different anionic lipids with the different divalent cations.
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Figure 27 The ZDHH distribution curve for MSP1D1 10PIP2 Nanodiscs in the absence of divalent
cations transformed from the raw intensity scans.

Figure 28 The ZDHH distribution curve for MSP1D1 10PIP2 Nanodiscs in the presence of 3 mM
Ca2+ transformed from the raw intensity scans.
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Figure 29 The ZDHH distribution curve for MSP1D1 10PIP2 Nanodiscs in the presence of 3 mM
Mg2+ transformed from the raw intensity scans. Notice that the peak in Figure 29 is nearly two
times more negative than the peak in Figure 28. Also, there is a strong shoulder ~ -53 (indicated
by the arrow), suggesting further aggregation.

NanodiscTM Sample

Buffer

ZDHH

MSP1D1 10PIP2

100mM NaCl, 50mM Tris, pH 7.4

-40.3 ± 0.9

MSP1D1 10PIP2

100mM NaCl, 50mM Tris, 3mM CaCl2 pH 7.4

-17.9 ± 0.8

MSP1D1 10PIP2

100mM NaCl, 50mM Tris, 3mM MgCl pH 7.4

ND

Table 8 The ZDHH of PIP2 Nanodiscs calculated from the measured electrophoretic mobilities
using MCE in the absence and presence of divalent cations.
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Comparison of ZDHH between 10PIP2 and 30POPS Nanodiscs
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Figure 30 A comparison of the ZDHH of 30POPS Nanodiscs and 10PIP2 Nanodiscs in the
absence (black) and presence (gray) of 3 mM Ca2+. In this graph, the fractional charge is the
ratio of the ZDHH in the presence of 3 mM CaCl2 to the ZDHH in the absence of 3 mM CaCl2. In
the presence of Ca2+, the charge magnitude of 10PIP2 Nanodiscs decreases by ~ 50%. In the
presence of Ca2+, the charge magnitude of 30POPS Nanodiscs decreases by ~ 25%.
MSP1D1
10 uM Ca2+
3 mM Ca2+
10 uM Mg2+
3 mM Mg2+
TM
Nanodisc sample
POPC
POPE
ND
ND
ND
ND
POPS
POPA
+
PIP2
+
Table 9 shows the behavior of MSP1D1 Nanodiscs in the presence of divalent cations Ca 2+ and
Mg2+. (–) means that aggregation was not observed and (+) means that aggregation was
observed. POPE NanodiscTM behavior in the presence of divalent cations was not determined.
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pH. Even though the pH in the bulk solution in a cell is kept nearly constant, short-lasting local
pH changes can occur at reaction sites. Many receptors in cell-signaling processes, which are
located at the membranes, induce currents through the membrane upon binding of a signaling
molecule [Alberts et al., 2002]. Often, the signaling molecule is thereby hydrolyzed, so that a
proton is released and the pH locally changed. This is especially important in mitochondria,
where proton gradients play an important role in energy transduction pathways [Alberts et al.,
2002]. Thus, a series of experiments was undertaken to explore the effect of pH on NanodiscTM
charge. Please note, for MCE analysis of Nanodiscs, a reference pH of 7.4 will be used for the
discussion in this section. Therefore, ΔZPHx – ΔZPH7.4 = ΔZDHH, where x is the pH of comparison
to the reference standard of pH 7.4
Figure 31 summarizes the pH dependence of ZDHH data for POPC, 10POPE and 30POPS
Nanodiscs. Across the three different lipids, the ΔZDHH was 6 from pH 7.4 to 8.0. From pH 8.0
to 8.5, the ΔZDHH was unchanged.
POPC and POPS Nanodiscs were observed to behave similarly for pH changes from 7.0
to 8.5. At pH 7.0, ΔZDHH was 0 (Figure 31). At pH 8.0, ΔZDHH was 6 for both POPC and POPS
Nanodiscs and ZDHH remained unchanged from pH 8.0 to 8.5. The choline portion of a PC head
group is non-titratable and therefore it is unlikely PC lipid head groups contribute to this increase
in ZDHH. In addition, the serine portion of a PS head group does contain an ammonium cation
that can potentially ionize over this pH range. However, this is unlikely since there was no
significant difference in ΔZDHH between POPC and POPS Nanodiscs. This suggests that the
increase in magnitude of ZDHH for POPC and POPS Nanodiscs is most likely due to the
ionization of amino acids on the MSPs.
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POPE Nanodiscs showed similar behavior to that of POPC and POPS Nanodiscs at pHs
above 7.4. At pH 8.0, ΔZDHH was 6 and ZDHH remained unchanged when the pH was increased
to 8.5. However, electrophoretic mobility measurements could not be made at pH 7.0. The
reason for this is unclear, as sedimentation velocity data on 10POPE Nanodiscs at pH 7.0 show a
monodisperse size population (Figure A4).
Figure 32 summarizes the pH dependence of ZDHH data of MSP1D1 30POPA and MSP1D1
10PIP2 Nanodiscs. Unlike POPC, 30POPS and 10POPE Nanodiscs, ΔZDHH was >6 from pH 7.4
to 8.5 for 30POPA and 10PIP2 Nanodiscs. 30POPA Nanodiscs were much more sensitive to pH
changes, as ZDHH increases as the pH was increases. 10PIP2 Nanodiscs did not see a significant
ΔZDHH from pH 7.0 to 7.4. At pH 8.0, ΔZDHH of 10PIP2 was 4. At pH 8.5, ΔZDHH was 15.
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ZDHH as a function of pH of lipid Nanodiscs
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Figure 31 pH dependence of ZDHH for MSP1D1 POPC, MSP1D1 10POPE and MSP1D1
30POPS Nanodiscs. Electrophoretic mobility measurements on 10POPE Nanodiscs at pH 7.0
could not be made. The reason for this is unclear, as sedimentation velocity data on 10POPE
Nanodiscs at pH 7.0 show a monodisperse size population. Please note therefore, that in Figure
31, 10POPE Nanodiscs do not have a ZDHH plotted at pH 7.0.
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ZDHH as a function of pH of lipid Nanodiscs
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Figure 32 pH dependence of ZDHH for MSP1D1 30POPA and MSP1D1 10PIP2 Nanodiscs.
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Temperature. Figure 33 summarizes the ZDHH of MSP1D1 POPC, 30POPS and 30POPA
Nanodiscs measured at different temperatures. Measurements were made at 20 oC, 25oC and
35oC in standard buffer.
Temperature differences can have a wide variety effects on lipid microenvironments,
depending on the lipid components present. For example, the phase transition temperature of
different lipids can vary depending on which fatty acids are present, which in turn affects the
fluidity of the lipid bilayer [Marsh, 1990]. In this study, the primary concern is how temperature
affects the electrophoretic mobility and ZDHH. POPA lipids in particular, have a phase transition
temperature ~ 28oC, while POPC and POPS lipids have phase transition temperatures of ~ -2oC
and ~ 14oC respectively. It was important to normalize the charge measurements by making
charge measurements above the phase transition temperatures of the lipids analyzed.
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ZDHH as a function of Temperature of lipid Nanodiscs
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Figure 33 ZDHH as a function of temperature data on MSP1D1 POPC, MSP1D! 30POPS and
MSP1D1 30POPA Nanodiscs. ZDHH is insensitive to temperature changes up to 35oC for POPC,
30POPS and 30POPA Nanodiscs. This suggests that the enthalpy of ionization is very low and
entropy driven. Temperature experiments were not made with 10POPE or 10PIP2 Nanodiscs due
to lack of sample.
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Anion binding. Figure 34 summarizes the data on anion binding for POPC and POPS Nanodiscs
in the presence of 100 mM Na2S04.
It has been shown that proteins can preferentially interact with anions [Collins 2004;
Gokarn et al., 2011]. Studies have suggested that these preferential interactions with anions
occur at the site of positively charge amines and backbone amide nitrogens [Collins, 2004]. PS
lipids have a positively charged ammonium cation group and PC lipids have a positively charged
nitrogen in the choline group. Therefore, if anion binding were to occur on lipids, it would most
likely be with these two lipids (of the lipids studied), since POPA and PIP 2 contain no positively
charged groups in their lipid head group, although it is possible that the MSP could bind anions.
No anion binding was observed, as the ZDHH was not significantly different in the
presence of 100 mM Na2SO4 for POPC and POPS Nanodiscs.
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ZDHH in the presence of 100 mM Na2SO4
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Figure 34 ZDHH of MSP1D1 POPC, MSP1D1 30POPS and MSP1D1 30POPA Nanodiscs in the
presence of 100 mM Na2SO4. The ZDHH is insensitive to the addition of sulfate ions and suggest
that anion binding does not occur with POPC, 30POPS and 30POPA Nanodiscs.
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DISCUSSION
Feasibility of measuring NanodiscTM charge using MCE
As shown in Figure 1, Nanodiscs form a single, distinct boundary that moves from the
top membrane to the bottom membrane when an electric field is applied. The results indicate that
it is possible to determine the electrophoretic mobility, and from that, calculate the ZDHH of
Nanodiscs. One advantage of this combination of technique (MCE) and technology (Nanodiscs),
is that neither the sample nor the equipment needs to be modified for Nanodiscs to be visualized
as they migrate from one membrane to the other.
Nanodiscs were generally stable over a pH range from 7.0 to 8.5 (Figures 31 and 32), a
temperature range from 20.0 oC to 35.0 oC (Table 33), and provided good results in different
ionic environments and salt concentrations. Except for POPA Nanodiscs in Ca 2+ (Figures 23b
and 24) and PIP2 Nanodiscs in Mg2+ (Figure 29), Ca2+ and Mg2+ concentrations up to 10 mM
did not cause aggregation or self-association of the Nanodiscs used in this study.
Reproducibility of charge measurements
NanodiscTM electrophoretic mobility measurements from MCE were reproducible to
within ±10%. This level of precision is consistent with that observed for BSA [Jordon, 2014].
NanodiscTM samples, run two years apart still generate similar though not identical
electrophoretic mobilities and ZDHH (Table 10).
Date

MSP1D1 POPC NanodiscTM
Charge (ZDHH)a

Date

MSP1D1 30POPS NanodiscTM
Charge (ZDHH)a

10/08/2012

-13.6 ± 0.4

09/12/2012

-38.2 ± 0.1

02/01/2014

-14.5 ± 0.3

6/19/2014

-39.8 ± 0.2

Table 10 The ZDHH from MSP1D1 POPC and 30POPS Nanodiscs measured ~2 years apart.
These measurements were made on the same sample batches containing POPC and 30POPS
Nanodiscs, respectively.
a

Precision shown is for the individual measurements. The overall reproducibility is closer to
±10% (Table 4).
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Sedimentation velocity experiments on Nanodiscs also show stability after being stored for two
years at 4oC (Figure 35). Quantitatively, the sedimentation coefficients are within 1% (Sedanal
[Stafford, 2003] and DC/DT+ [Philo, 2000]) and qualitatively show similar symmetric g(s)
distributions (Figure 35); likewise, c(s) analysis [Schuck, 2000], which has higher resolution
than Sedanal and DC/DT+, yields a single peak.
In addition, different sample batches of Nanodiscs, with the same lipid composition show
similar charge data (Table 11). For example, 3 different batches of MSP1D1 and MSP1E3D1
POPC and POPS Nanodiscs, and 2 different batches of MSP1D1 POPA Nanodiscs were
characterized by MCE and provided nearly identical results (Table 11). These results indicate
that other groups should be able to reproduce our data and that data obtained by other groups
may be interpreted in light of our data.
Sample Batch

MSP1D1 POPC NanodiscTM
Charge (ZDHH)a

Sample Batch

MSP1D1 30POPS
NanodiscTM Charge (ZDHH)a

1

-13.6 ± 0.4

1

-38.2 ± 0.1

2

-13.4 ± 0.1

2

-37.3 ± 0.3

3

-14.1 ± 0.1

3

-37.9± 0.6

Table 11 ZDHH of 3 sample batches of MSP1D1 POPC and MSP1D1 30POPS Nanodiscs
received from the Sligar group at the University of Illinois at Urbana-Champaign.
a

Precision shown is for the individual measurements. The overall reproducibility is closer to
±10% (Table 4).
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Sedimentation Velocity of POPC Nanodiscs
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Figure 35 Sedimentation velocity profile of POPC Nanodiscs run at three different intervals
generated using Sedanal [Stafford, 2003]. First on November 16, 2009, again on January 5, 2010
and July 23, 2011. After each velocity run, samples were recovered and aliquot into
microentrifuge tubes and placed back into a 4oC refrigerator for storage. The sedimentation
coefficient distributions are symmetrical and overlay. Small differences (<1%) are within error
of the analytical ultracentrifuge. POPC Nanodiscs used for this analysis were provided by Dr.
Sandy Ross at the University of Montana.
One thing to consider in making comparisons between analyses is that the electric field
calculation is based on the conductivity of the solution. While the MCE uses a constant current,
it is most useful to normalize the electric field across solvent conditions to make a direct
comparison of the mobilities. When calculating the electric field and Z DHH, it is crucial to use
the correct parameters (solution viscosity, Rs, conductivity, etc.) for the charge calculation, since
the error can propagate significantly if an error is made in obtaining these parameters. For
example, during early experiments, the water used in making solvents was from a Nanopure TM
water system resulted in the standard buffer having conductivities ranging from 12.4-12.6 mS.
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Later experiments used a Milli-QTM system resulting in a solvent conductivity ranging from
12.0-12.2 mS. Using the wrong conductivity (e.g. by 0.5 mS) will result in a >10% difference in
the ZDHH. However, using the measured conductivities reduced the discrepancy to less than the
uncertainty of the measurements.
Uncertainty and limitations of charge measurements
The uncertainty and limitations of NanodiscTM charge measurements may be separated
into those that are a consequence of Nanodiscs, and those that result from MCE. Most limitations
were related to electrophoresis and MCE.
Nanodiscs: In general, Nanodiscs provided well-behaved lipid solutions. In fact, the only
solution conditions where charge measurements could not be made were: 1) POPA Nanodiscs in
the presence of Ca2+ and 2) PIP2 Nanodiscs in the presence of Mg2+, where aggregates were
observed. While these results generated limited quantitative data, they still provide information
about the interaction of PA and PIP2 lipids with divalent cations. In addition, there was some
difficulty running 10POPE Nanodiscs at pH 7.0 and in the presence of divalent cations. Some
studies have observed PE lipids aggregating at pHs below 7.0 [Duzgunes et al., 1985]. However,
sedimentation velocity experiments of POPE Nanodiscs at pH 7.0 showed a mono-disperse size
distribution (Figure A4). There is no current explanation as to why this behavior was observed
with POPE Nanodiscs.
MCE: While MCE is a useful tool to observe the electrophoretic mobility of proteins, it
does have some limitations inherent to the technique and in electrophoresis in general [Filoti et
al. 2015].
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The processes involved in electrophoresis are made complex by the coupled flow of ions
in the electric field and the effect the coupling has on the electric field [Henry, 1931; Moody and
Shepard, 2004]. Macromolecules also can contribute to the electric field by carrying a portion of
the electrical current. Furthermore, the fraction of the current carried by the molecule, hence its
velocity, depends on both the solvent's ion concentration and the charge on the molecule itself
[Schmitt-Koplin, 2008]. Experiments at low salt concentrations will force the molecule to carry
a greater fraction of the charge, thereby diminishing the accuracy of the mobility determination
[Filoti et al. 2015]. Even for a molecule with a low magnitude of ZDHH (<10), monovalent salt
concentrations >20 mM are required to avoid this problem [Heiger, 1992].
In MCE, as charged macromolecules move in the external electric field, their
concentration builds up at the bottom membrane [Laue et al., 1998]. The concentration of
macromolecules localized at the bottom membrane can often be one to two orders of magnitude
greater than the loading concentration. As a result, a Debye layer forms, in which the
macromolecule forms the surface charge layer and counter-ions attracted via the coulomb force,
form a second layer, electrically screening the first layer [Tadmor et al., 2002]. At high salt
concentrations, there is sufficient counter-ion interaction to minimize the influence of the electric
field coming from the macromolecules that form the surface charge layer. At low salt
concentrations, counter-ions cannot sufficiently screen the surface charge layer, and as a result,
the electric field of this Debye layer extends into the solution and can affect the molecules in the
external electric field. The net electric field is smaller toward the bottom membrane, decreasing
exponentially as the electric field of the Debye layer increases exponentially toward the bottom
membrane [Yeh and Hsu, 2011]. This variation in the net electric field results in a buildup of
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macromolecules at the boundary where the net electric field is small. Macromolecules to the left
of the boundary move faster than those to the right.
Nanodiscs contain a high charge density that, at low salt concentrations, can cause issues
with mobility measurements. Figures 9-12 show electrophoretic mobility experiments at ionic
strengths of 50 mM to 225 mM. Experiments run at ionic strengths lower than 50 mM resulted
in Nanodiscs forming asymmetric velocity gradients (Figure 36). This effect is more
pronounced with increasing anionic lipid content. Due to the membrane scaffolding proteins,
this effect is even seen in neutral lipids such as POPC at ionic strengths <50 mM.

Figure 36 MCE raw data profile of POPC Nanodiscs run at a Na+ concentration of 15 mM.
Notice the asymmetric velocity gradients forming during the duration of the experiment.
There are other experimental conditions to consider that can affect the quality and
accuracy of the data, such as extreme pH (3>pH>11), mismatched mobilities of solvent ions, and
formation of concentration gradients [Filoti et al., 2015].
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Membranes
Unfortunately, there does not currently exist any membranes that are prepared solely for
MCE [Laue et al. 1989]. The membranes used are regenerated cellulose dialysis membranes that
must be cut to specific sizes in order to fit into the cuvette for cell assembly. With respect to
proteins, biotech grade dialysis membranes tend to work much better than regular grade dialysis
membranes. This is due to the manufacturing process of biotech membranes that eliminates the
use of metal salts. Metal salts can induce cellulose oxidation, which in turn, reduces the anionic
charge from the carboxylate formation, leading to unbalanced anion/cation fluxes of the
membranes [Spectrapor manufacturer's notes]. For reasons unknown, regular grade dialysis
membranes tend to work much better with Nanodiscs than biotech grade dialysis membranes,
giving much more consistent and clean data. Biotech grade membranes often result in
inconsistent data and irregular behavior. In addition, lower molecular weight cut-off membranes
tend to work better with Nanodiscs. The most consistent data came with using 6-8 kDa MWCO
membranes with increasing inconsistency up to 25 kDa MWCO membranes. Membrane batches
from the manufacturing company can also vary significantly. Suitability experiments have
shown that some batches work much better than others and generally there is no way to predict
which batches will be compatible for MCE analysis.
Comparison of mobility data to literature
Monovalent alkali cation interactions with PC lipids: Electrophoretic mobility measurements on
PC lipids have been made by Klasczyk et al. (2010), McLaughlin et al. (1978) and Pincet et al.
(1999). These groups have reported measurements for:
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1) POPC liposomes in 100 mM NaCl, 15 mM HEPES, 2 mM KOH at pH 7.0 were observed to
have an electrophoretic mobility of 1 x 10 -5 cm2/V·s. Furthermore, it was calculated that the
measured electrophoretic mobility resulted in an approximation of a +1 charge per 605
POPC lipids. An ELS apparatus, a Zetasizer (Malvern Instruments), was used in this study
[Klasczyk et al., 2010].
2) Egg PC vesicles in 100 mM NaCl, 15 mM HEPES at pH 7.4 were observed to have an
electrophoretic mobility of -1 x 10-11 cm2/V·s. Furthermore, it was concluded that the
measured electrophoretic mobility resulted in an approximation of a -1 charge per 600 egg
PC lipids. A Micro-electrophoresis apparatus Mk II (Rank Brothers LTD) was used in this
study [McLaughlin et al., 1978].
3) SOPC vesicles in pure water were observed to have an electrophoretic mobility of 4 x 10 -11
cm2/V·s. Furthermore, it was concluded that the measured electrophoretic mobility resulted
in an approximation of a +1 charge unit per 1100 SOPC lipids. A Surface forces apparatus
was used in this study [Pincet et al., 1999].
Our charge measurements results will be compared to these electrophoretic results, as well as for
ion binding results using non-electrophoretic methods.
MSP1D1 POPC Nanodiscs in 100 mM NaCl, 50 mM Tris at pH 7.4 were observed to have an
electrophoretic mobility of -4.2 x 10-5 ± 3.8 x 10-6 cm2/V·s using MCE, resulting in a calculated
ZDHH of -14.1 ± 1.0 (Table 4). A consequence of the difference between the calculated and
measured charge for the MSPs leads to some uncertainty in the interpretation of the Nanodisc TM
charge. For example, there is a +1.9 charge difference between the calculated charge for the
MSP and the charge on POPC Nanodiscs. Do we attribute the charge differences to an error in
the calculated MSP charge, or is the difference a consequence of residual charge on the POPC
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head groups? While there is no definitive way to answer this question, the +1.9 charge
difference is within the uncertainty/accuracy of MCE analysis [Durant, 2002], and well within
the uncertainty of protein charge calculation from the amino acid composition [Filoti et al.,
2015]. If the MSP charge in solution is assumed to be that calculated from the amino acid
composition (Table 6), then POPC lipids would contribute a +1.9 charge (resulting in the ZDHH
of -14.1 reported in Table 5). Thus, from this assumption, the calculated charge per POPC lipid
would be approximately a +1 charge per 63 POPC lipids. If the MSP charge in solution is
assumed to be the measured ZDHH for POPC Nanodiscs, then the PC lipids would contribute a net
charge of 0. For the remainder of this discussion, it will be assumed that the MSP1D1 protein
charge contribution to Nanodiscs is -14.1 and for MSP1E3D1 protein, the contribution is -18.0
(Table 4).
Electrophoretic mobility measurements on POPC Nanodiscs using MCE generally agree
with the reported observations of Klasczyk et al. (2010), McLaughlin et al. (1978) and Pincet et
al. (1999). Previous electrophoretic mobility measurements have shown POPC liposomes,
SOPC liposomes and egg PC lipid vesicles to have a zero or very low non-zero magnitude of
electrophoretic mobilities, on the order of 1 x 10 -5 cm2/V·s and lower. Klasczyk et al. (2010)
observed electrophoretic mobilities on the order of 1 x 10 -5 cm2/V·s and Pincet et al. (1999) and
McLaughlin et al. (1987) observed electrophoretic mobilities on the order of 1 x 10 -11 cm2/V·s,
and yet each study concluded that PC lipids were neutral in the presence of Na + ions. In
addition, the electrophoretic mobility of POPC Nanodiscs was also found to be on the order of
1 x 10-5 cm2/V·s. However, that includes the charge contribution from the MSPs. The
discrepancy in the electrophoretic mobility value obtained by MCE to the values obtained by
Pincet et al (1999) and McLaughlin et al. (1978) is probably due to differences in the frictional
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coefficient (which is important, since the electrophoretic mobility depends on its charge to
frictional coefficient ratio) of these particular PC liposomes in comparison that of POPC
Nanodiscs. Liposomes tend to be very large (on the order 1 x 103 nm or higher) and so the
charge to frictional coefficient ratio will be very low for these large electrically neutral
molecules. Nanodiscs on the other hand, have a relatively large charge to frictional coefficient
ratio, due to the charge contribution from the MSPs, as well as their small size (~ 10 nm in
diameter).
One reason for the discrepancy in the electrophoretic mobility data from our work and
that of Klasczyk et al. (2010) concerns electro-osmotic flow and its influence on the behavior of
ions in solution as acted upon by an electric field [Heiger, 1992]. The result of
electroendosmosis is bulk fluid flow that superimposes on the electrophoretic motion. In ELS,
the laser beam is focused to a spot where a neutral object does not move (and the effects of
electroendosmosis are minimized) when the field is applied. This calibration is done
occasionally as part of a routine service (provided by a service technician), but will drift with
time, leading to skewed apparent mobilities. For the apparent mobilities reported by Klasczyk et
al. (2010), timely and proper re-calibration is essential to data acquisition. It must be noted that
Klasczyk et al. (2010) makes no mention of the frequency of re-calibration between
measurements, and when their Zetasizer was calibrated. In general, ELS has a lower precision
than that of MCE [Filoti et al. 2015]. In Figure D1, as the salt concentration increases, the
uncertainty of the electrophoretic mobility increases to ~ 66% in Li+, ~ 100% in K+ and cannot
be determined from the figure for Na+ at 100 mM. At 150 mM, the uncertainty increases to
~ 138% in Li+, ~ 300% in K+ and ~ 100% in Na+. The uncertainty of the electrophoretic
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mobility observed by Klasczyk et al. (2010) makes it very difficult to compare electrophoretic
mobility data.
In addition, Klasczyk et al. (2010) also observed the electrophoretic mobility of POPC
liposomes in the presence of different monovalent alkali cations (Figure D1). Klasczyk et al.
(2010) observed significantly different electrophoretic mobilities in the presence of different
monovalent alkali cations. The electrophoretic mobility of POPC liposomes in the presence of
K+ was three times greater (and negative in magnitude) than the electrophoretic mobility of
POPC liposomes in the presence of Na+, which corresponds to a -1 charge unit per 61 PC lipids.
Furthermore, in the presence of Li+, the electrophoretic mobility of POPC liposomes also was
found to be three times greater (but positive in magnitude) than the electrophoretic mobility of
POPC liposomes in Na+, corresponding to a +1 charge unit per 20 PC lipids. POPC liposomes
were also observed to undergo a charge inversion (reversal of sign) in the presence of very low
Li+ concentration. Figure D1 shows that in the presence of no ions, the electrophoretic mobility
of the POPC liposomes was -5 x 10-5 cm2/V·s. At 10 mM Li+ concentration, the electrophoretic
mobility decreases in magnitude to near zero. These results suggest that PC lipids may have
specific interactions with Li+ ions. Klasczyk et al. (2010) also observed POPC liposomes in Cs+
and Rb+, but saw no significant differences to the electrophoretic mobility until ~ 350 mM salt
concentrations. Even then, the uncertainty at 350 mM Rb+ is significantly larger, ~ 500% greater
than the reported electrophoretic mobility value. Note that, in general, ELS results are unreliable
at salt concentrations greater than 100 mM due to the effects of thermal convection [Filoti et al.,
2015]. Given this limitation, the large uncertainty in the electrophoretic mobility at salt
concentrations greater than 100 mM in observed by Klascyzk et al. (2010) most likely arises
from this convection.
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Comparison to non-electrophoretic methods. Binder and Zschornig (2001) studied ion binding
to PC lipids using IR spectroscopy to observe how monovalent alkali cations affected the
position of the phosphate and carbonyl groups. They found that center of gravity (COG) of the
absorption bands was only weakly affected by Li+ ions and that Na+ and K+ ions had no effect on
the shape of the spectra (Figure D2). They attribute the slight interaction by Li+ as a solvation
effect at the site of interest (either the phosphate or carbonyl group), rather than specific binding.
This is reflected in the binding constants of Na+ (~ 0.15 M-1), K+ (~ 0.15 M-1), and Li+
(~ 0.30 M-1) being significantly less than Mg2+ (~ 30 M-1) and Ca2+ (~ 40 M-1) to PC lipids
[Tatulian, 1987]. A similar study was done using NMR spectroscopy by Altenbach and Seelig
(1984) with Na+ and K+ ions on POPC liposomes. With respect to the signal spectra of PC
lipids, monovalent alkali cations (excluding Li+, which was not tested in the investigation by
Altenbach and Seelig, 1984) did not significantly perturb the NMR signal. Figure 5 shows that
the electrophoretic mobility and ZDHH in the presence of different monovalent alkali cations did
not differ by >10% for POPC Nanodiscs. While the measured electrophoretic mobilities using
MCE generally agree with the current literature that POPC is a neutral lipid, our results show
that POPC NanodiscTM behavior in the presence of different monovalent alkali cations is
inconsistent with some reported observations. This is in contrast to the reported observations of
Klasczyk et al. (2010), showing vastly different electrophoretic mobilities in the presence of Li+,
K+, and Na+ ions. Our data does however, agree with:
1) NMR data by Altenbach and Seelig (1984) that show no significant shift to the PC lipid
signal in the presence of Na+ and K+ ions
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2) IR spectroscopy data Binder and Zschornig (2001) that show Na+ and K+ have no affect
on the absorption band of PC lipids and Li+ only weakly affects the absorption band of
PC lipids (Figure D2).
3) Binding constants obtained by Tatulian (1987) that show Na+, K+ and Li+ have weak
binding constants to PC lipids. Although Li+ binding constants were slightly greater than
those of Na+ and K+.
The ZDHH of Nanodiscs in the presence of Li+ was generally lower in magnitude (~ 3%)
to that of the ZDHH in the presence of Na+. This agrees with the observations of Binder and
Zschornig (2001) and Tatulian (1987) that Li+ does seem to have a relatively stronger interaction
with PC lipids than Na+ and K+; although the charge change is still insignificant when compared
to interactions between PC lipids and divalent cations [McLaughlin et al., 1978; Altenbach and
Seelig, (1984); Sou and Tsuchida, 2008].
Monovalent alkali cation interactions with PE lipids: Electrophoretic mobility measurements on
PE liposomes have been made by Woodle et al. (1992), Davidson et al. (1994) Roy et al. (1998)
and Disalvo and Bouchet (2014). These groups have reported measurements for:
1) Methylated PEG-DSPE modified liposomes in 10 mM phosphate buffer at pHs 5.2, 7.3 and
9.2. At pH 7.3, the electrophoretic mobility was found to be:
a. -4.5 x 10-6 ± 4 x 10-7 cm2/V·s at a lipid molar ratio of 7.5%
b. -6.5 x 10-6 ± 2 x 10-6 cm2/V·s at molar ratio of 5%
c. ND at molar ratios of 10%.
An ELS instrument (Coulter Electronics DELSA) was used in this study [Woodle et al., 1992]
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2) POPC/bovine liver PE reconstituted HDL particles in 150 mM NaCl, 10 mM Tris at pH 8.6.
No electrophoretic mobilities were reported. However, zeta potentials were calculated from
electrophoretic mobilities. The zeta potential of reconstituted HDL particles containing
POPC and bovine liver PE was found to be -8.9 mV. Agarose gel electrophoresis was used
in this study to determine the reported zeta potential [Davidson et al., 1994].
3) Egg yolk phosphatidylethanolamine in 1 mM phosphate buffer, 1 mM NaCl at pH 7.4. No
electrophoretic mobility quantities were reported. However, zeta potentials were calculated
and PE lipids were found to have a zeta potential at 10% lipid molar ratios (Figure D4-D6).
of:
a. -16 mV for extruded PE liposomes
b.

-9 MV for sonicated PE liposomes

c. -12 mV for multi-lamellar PE vesicles
An ELS (a Zetasizer 4 from Malvern Instruments) was used in this study [Roy et al., 1998].
4) DMPE vesicles in 1 mM KCl, at pH 7.0. No electrophoretic mobility values were reported.
However, zeta potentials were calculated and PE lipids were found to have a zeta potential of
-45 mV and -15 mV (Figure D7 and D8; molar ratios not reported). A microelectrophoresis
apparatus (a Zeta-Meter System 3.0) was used in this study [Disalvo and Bouchet, 2014].
Our charge measurements results will be compared to these electrophoretic results.
10POPE Nanodiscs in 100 mM NaCl, 50 mM Tris at pH 7.4 were observed to have an
electrophoretic mobility of -6.5 x 10-5 ± 5.3 x 10-6 cm2/V·s using MCE. In Table 4, the ZDHH for
10POPE Nanodiscs is -21.4 ± 1.5. In addition, since two out of the three studies mentioned only
reported zeta potentials [Roy et al. 1998 and Disalvo and Bouchet 2014] (and did not report the
measured electrophoretic mobilities used to calculate the zeta potentials), zeta potentials obtained
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by MCE will be mentioned only for the sake of comparison. Keep in mind, that the purpose of
this investigation was to determine ZDHH and not zeta potential and therefore any zeta potentials
mentioned will be found in Table B1. The zeta potential calculated from the MCE mobility data
of POPE Nanodiscs was -10.8 ± 0.7 mV.
The electrophoretic mobility and ZDHH of 10POPE Nanodiscs from MCE is inconsistent
with some reported observations. In general, the current literature show that PE lipids are neutral
or slightly anionic [Roy et al., 1998, Davidson et al., 1994, Woodle et al., 1992)] or inconclusive
[Disalvo and Bouchet, 2014]. In contrast, MCE data show that 10POPE Nanodiscs, (ZDHH of
-21.4 ± 1.5, Table 6), are anionic in this system. Taking the MSP charge contribution into
account, it was calculated that the charge per lipid contribution of PE lipids is ~ -1 charge units
per 2 PE lipids. Roy et al. (1998) observed that at 10% lipid molar ratios of PE liposomes, the
zeta potential was -16 mV (Figure D4). When compared with the control (~ -9 mV), it only
shows a magnitude increase of ~ 7 mV. In comparison, at 10% lipid molar ratios, PS liposomes
in the same study showed a magnitude increase ~ 30 mV (from the control), an increase slightly
greater than four times that of PE liposomes. Furthermore, at 50% PE lipid molar ratios, the zeta
potential increased to ~ -25 mV, a magnitude increase of only 9 mV (Figure D4). At 50% PS
lipid ratios, the zeta potential was ~ -58 mV, a magnitude increase of ~ -20 mV (Figure D4).
Roy et al. (1998) concluded, that, assuming PS lipids in the study were contributing a -1 charge
unit per lipid, and given the much lower zeta potentials observed for egg yolk PE liposomes, PE
lipid charge was more similar to PC lipids, than PS lipids. Similar observations were made with
different batches of PS and PE liposomes (Figures D5 and D6) by Roy et al. (1998).
Similar conclusions were reached by Davidson et al. (1994) and Woodle et al. (1992).
Based on the electrophoretic mobility and calculated zeta potential of reconstituted POPC-bovine
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liver PE HDL particles using agarose gel electrophoresis, Davidson et al. (1994) calculated that
the zeta potential of reconstituted POPC HDL particles was -7.6 mV. In comparison, the zeta
potential of reconstituted POPC-bovine liver PE HDL particles was found to be -8.9 mV. This
1.3 mV difference they concluded, only resulted in a less than 0.5 charge unit difference between
the POPC and bovine liver PE liposomes. As a result, Davidson et al. (1994) came to a similar
conclusion as Roy et al. (1998); that PE lipids were much closer to PC lipids in charge, than PS
lipids. Woodle et al. (1992) observed similar but not identical electrophoretic mobilities of
modified PE liposomes to Nanodiscs obtained by MCE. Woodle et al. (1994) analyzed PE lipids
that were modified so that the ammonium cation was replaced with a methylated poly-ethylene
glycol group, anionic in nature. They expected to observe negative electrophoretic mobilities
and zeta potentials due to the modification of PE lipids from a zwitterionic structure, to a fully
anionic lipid. Indeed, Woodle et al. (1994) observed negative electrophoretic mobilities and
calculated zeta potentials. However, the magnitude of these quantities for the methylated PEGDSPE modified liposomes were still much lower than that of PG, another anionic lipid that was
considered to be similar to the PEG-modified PE lipids. The electrophoretic mobility and
calculated zeta potential of PG lipids were three times greater than that of the modified PE lipids
at pH 7.3 (Figure D3).
General observations of PE lipids. PE lipids tend to be much more difficult to work with than
other lipids, given its non-lamellar phase behavior (Figure D9). As a result, there are significant
inconsistencies regarding reported charge data for PE lipids. Similar to POPE NanodiscTM
charge data from MCE, Disalvo and Bouchet (2014) observed negative electrophoretic mobilities
and zeta potentials for DMPE liposomes. However, within a single study, they reported two
significantly different zeta potentials for two different batches of DMPE liposomes. Figure D7
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shows their calculated zeta potential for one batch of DMPE liposomes of -15 mV. Figure D8
shows the zeta potential for a second batch of DMPE liposomes that was found to be -45 mV.
The uncertainty in Figure D7 looks to be >10% of the zeta potential value, and is not reported in
Figure D8. The electrophoretic technique used was microelectrophoresis and it has the same
limitations as ELS pertaining to electroendosmosis. Both techniques also apply a similar
solution in dealing with electroendosmosis. In microelectrophoresis, the microscope is focused
on a stationary layer where fluid does not move. By focusing the microscope on these stationary
layers, it is possible to observe particle motion that is not affected by electroendosmosis. In
addition, measurements in microelectrophoresis require very dilute solutions (both sample and
salt), and thus have low electrical conductivity and require high electric fields [Gittens and
James, 1960]. At these electric fields, thermal convection can reduce accuracy and precision.
These effects are exacerbated given that the measurements were made in 1 mM KCl solutions.
At these experimental conditions, the solvent does not contain enough ions, thereby diminishing
the accuracy of these mobility measurements.
Furthermore, while Roy et al. (1998) observed that PE lipids are slightly anionic, there is
some uncertainty about the ELS measurements, possibly due to the sample preparation. Roy et
al. (1998) prepared three different batches of PE liposomes in their study:
1) Batch 1 included liposomes that were extruded through 400 and 200 nm membranes (Figure
D4).
2) Batch 2 included liposomes that were sonicated during lipid preparation (Figure D5)
3) Batch 3 included mechanical dispersion liposomes (Figure D6)
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When the electrophoretic mobility of each batch was measured, it resulted in significantly
different quantities of zeta potential (Figures D4-D6). In addition, the uncertainty of the
majority of the data points obtained by Roy et al. (1998) was >10% of the measured quantity.
The electrophoretic mobility values obtained by Woodle et al (1994) also contained uncertainties
that were >10% of the measured quantity. With this level of inconsistency observed in: 1)
solvent conditions, 2) lipid vesicle types, 3)liposome sample batches and 4) using different
electrophoretic techniques, it is difficult to make comparisons across reported literature values
from different studies.
Comparison to non-electrophoretic methods: That PE lipids are anionic in native membrane-like
Nanodiscs is also supported by studies that show "neutral" PE lipids better support proteinprotein and lipid-protein (similar to anionic lipids) interactions than neutral PC lipids [O'Toole et
al., 2000; Morrisey et al., 2008]. For example, factor X (FX) activation by tissue factor - factor
VIIa (TF-FVIIa) interactions occur in the presence of anionic lipids, most importantly PS
[Heemskerk et al., 2002]. Morrisey et al. (2011) observed that TF embedded Nanodiscs required
at least 30% of the lipids to be PS for optimal FX activation by TF-FVIIa. However, PS only
make-up ~ 10% of the total lipids found in platelet cells; and they are mostly localized to the
inner leaflet, where they make up ~ 15% of lipids found on the inner leaflet [Yague-Sanchez and
Llanillo, 1986]. When other anionic lipids (PA, PG, PI) were incorporated into these TF
embedded PS Nanodiscs, it decreased the PS requirement for FX activation by TF-FVIIa (i.e.
lower lipid molar ratios of PS were able to better support clotting activity). When neutral PC
lipids were incorporated, they did not act synergistically with PS lipids to increase FX activation.
However, when "neutral" PE lipids were incorporated, they saw similar FX activation to that of
anionic lipids PA, PG and PI. Morrisey et al. (2011) generalized that since "neutral" PE lipids
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were observed to have the same effect as anionic lipids on FX activation, the phenomena
occurring was independent of charge considerations since "neutral" PE shared no charge
similarities to the other anionic lipids. They postulated, that one reason PC lipids did not support
protein-protein interactions was mainly due to the bulky choline group which may sterically
hinder binding TF-FVIIa interactions.
A similar study was done on spectrin:lipid interactions and it was found that spectrin
bound to PE/PC lipid vesicles similarly to that of PC/PS vesicles [O'Toole et al. 2000]. However,
that study also concluded that since “neutral” PE lipids and anionic PS lipids both bind spectrin
similarly, the interactions are charge independent. In both cases, while structural considerations
are important, charge considerations should not be overlooked.
Unfortunately, since PE lipids have such small head group and are non-lamellar lipids
(Figure D9), it makes it difficult to produce Nanodiscs with higher compositions of PE lipids
and therefore 30% and 70% POPE Nanodiscs were not analyzed within this study due to the
inability to prepare stable 30% and 70% POPE Nanodiscs in standard buffer.
Electrophoretic mobility measurements of anionic lipids using MCE
General comments about anionic lipids. Our data show that as more anionic lipids are
incorporated into Nanodiscs, the magnitude of the electrophoretic mobility and Z DHH increases
(Table 1). Furthermore, as more anionic lipids are incorporated, the less each lipid contributes
to the overall charge (Table D1). This is in agreement with some reported observations [Kato et
al., 2011; Roy et al., 1998]. In particular, as the NanodiscTM charge becomes more anionic, these
results suggest that more counterions are associated with the Nanodisc TM and move with it.
While the mechanism of binding is not revealed in these measurements, the results are consistent
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with the counterions being bound territorially (i.e. as "condensed ions" [Manning, 1969]). The
results, then, are consistent with the Nanodiscs exhibiting increasing polyelectrolyte behavior as
the anionic lipid content of Nanodiscs increases (Table D1).
Monovalent alkali cation interactions with anionic lipids. The variation of monovalent alkali
cation ion-types did not affect the electrophoretic mobility of anionic lipid Nanodiscs across, Na +.
K+ and Li+ ions (Figures 6-8). This finding is inconsistent with some reported observations.
The next sections on POPS, POPA, and PIP 2 Nanodiscs will go into more detail on the
monovalent ion interactions with those specific lipids.
Monovalent ion interactions with PS lipids: Electrophoretic mobility measurements on PS
liposomes have been made by Roy et al. (1998), Kato et al. (2011) and Martin-Molina et al.
(2012), and these groups have reported measurements for:
1) Bovine spinal cord phosphatidylserine in 1 mM phosphate buffer, 1 mM NaCl at pH 7.4. No
electrophoretic mobility values were reported. However, zeta potentials were calculated and
PE lipids were found to have zeta potentials of -39, -52 and -58 mV at 10% lipid molar ratios
(Figure D4-D6). An ELS apparatus (a Malvern Zetasizer 4) was used in this study [Roy et
al., 1998].
2) PS liposomes containing calcein in 1X PBS at pH 7.4 were observed to have an
electrophoretic mobility of -1.5 x 10-4 cm2/V·s at 10% PS lipid molar ratios (Figures D11
and D12). An ELS apparatus (a Malvern zetasizer) was used in this study [Kato et al. 2011].
3) Bovine brain 3-sn-phosphatidyl-L-serine liposomes in 100 uM Ca(NO3)2 at pH 5.5 observed
to have an electrophoretic mobility of -3 x 10-4 cm2/V·s (Figure D13). A phase-analysis
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light scattering apparatus (ZetaPALS, Brookhaven Instruments Corporation) was used in this
study [Martin-Molina et al. 2012].
Our charge measurements will be compared to these electrophoretic results, as well as for ion
binding results using non-electrophoretic methods.
POPS Nanodiscs in 100 mM NaCl, 50 mM Tris at pH 7.4 were observed in this work to have
electrophoretic mobilities of:
1) -7.1 x 10-5 ± 2.9 x 10-6 cm2/V·s at a 10:90, POPS:POPC composition.
2) -1.2 x 10-4 ± 5.7 x 10-6 cm2/V·s at a 30:70, POPS:POPC composition.
3) -1.7 x 10-4 ± 3.8 x 10-6 cm2/V·s at a 70:30, POPS:POPC composition.
Corresponding ZDHH values are provided in Table 4. In addition, since Roy et al. (1998) only
reported zeta potentials (and did not report the measured electrophoretic mobilities used to
calculate the zeta potentials), the zeta potential of MSP1D1 10POPS, 30POPS and 70POPS
Nanodiscs will be mentioned for the sake of comparison. Zeta potentials calculated from the
electrophoretic mobilities by MCE were:
1) -12.3 ± 0.3 mV at a 10:90, POPS:POPC composition.
2) -20.0 ± 0.9 mV at a 30:70, POPS:POPC composition.
3) -29.1 ± 0.7 mV at a 70:30, POPS:POPC composition.
The measured electrophoretic mobility and ZDHH of POPS Nanodiscs using MCE agrees
qualitatively with some reported observations. In general, the current literature shows that PS
lipids are much more anionic than PC and PE lipids [Kato et al., 2011; Martin-Molina et al.,
2012; and Roy et al., 1998]. POPS Nanodiscs were also observed to be more anionic than POPC
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and POPE Nanodiscs (Table 4). Furthermore, the electrophoretic mobilities of PS liposomes
observed by Kato et al. (2011) and Martin-Molina et al. (2012) were on the same order of
magnitude (1 x 10-4 cm2/V-s) as the electrophoretic mobilities observed for POPS Nanodiscs,
with the exception of 10POPS Nanodiscs (1 x 10-5 cm2/V·s; a one order of magnitude difference)
by MCE. However, it should be mentioned, that while the electrophoretic mobilities observed
by Kato et al. (2011) were on the same order of magnitude as ours, the electrophoretic mobilities
observed by Kato et al. (2011) were generally larger than the electrophoretic mobilities obtained
by MCE. Even though Kato et al. (2011) did not prepare lipid molar ratios of PS liposomes
greater than 25%, the observed electrophoretic mobility at molar ratios of 25% was still greater
than that observed by MCE for lipid molar ratios of 70% for POPS Nanodiscs. This discrepancy
in electrophoretic mobility for PS lipids may be attributed to the use of calcein (at 0.2 mM
concentration) for fluorescent labeling. Calcein contains six ionizable (4 carboxylic acids and 2
alcohol groups) groups whose pKa values are: pKa1=2.1, pKa2=2.9, pKa3=4.2, pKa4=5.5,
pKa5=10.8 and pKa6=11.7 [Powl et al., 2008]. In PBS, at pH 7.4, the calcein molecules should
have a -4 charge in solution, making it very anionic and contributing to a high charge to
frictional coefficient ratio, that can result in relatively higher electrophoretic mobilities, like
those observed in PS liposomes by Kato et al. (2011).
MCE data showed an increase in the electrophoretic mobility of POPS Nanodiscs as a
function of PS content up to 70% incorporation. Kato et al. (2011) observed that PS liposome
electrophoretic mobility reached a plateau ~ 25% incorporation, with the greatest increase in
electrophoretic mobility observed from 0 to 10% PS composition. At >10% PS content,
increases in the magnitude of the electrophoretic mobility of PS liposomes became insensitive to
PS content (mobility increases significantly from 0 - 2 x 10-4 cm2/V·s from 0-10% PS content
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and increases from 2 x 10-4 cm/Vs to 2.5 x 10-4 cm2/V·s from 10-20% PS content). This may be
another consequence of using a highly charged fluorescent tag in calcein. Due to the high charge
density of calcein molecules, the charge attributed to PS liposomes prepared by Kato et al.
(2011) may not be due solely to PS. The highly anionic liposome may incorporate less PS than
the expected molar ratios due to the electrostatic repulsion that can occur between PS lipids and
any associated calcein. This electrostatic repulsion between PS lipids is why pure PS liposomes
cannot be prepared and must contain supporting neutral lipids (such as PC). In addition, the
electrophoretic mobilities of the PS liposomes obtained by Kato et al. (2011) were averaged for
four different liposome batches, which differed in diameter (Figure D12). This increases the
uncertainty of the measurements due to the ability of larger liposomes to incorporate more
calcein. Therefore, the charge to frictional coefficient ratio of the liposomes will not be
consistent from batch to batch due to the difference in calcein concentrations within each
liposome population.
Martin-Molina et al. (2012) also observed electrophoretic mobility values much greater in
magnitude than the electrophoretic mobility values obtained by MCE. This discrepancy in
electrophoretic mobilities may be due to Martin-Molina et al. (2012) making the charge
measurements in a 100 uM Ca(NO3)2 solution, with no other supporting electrolyte present.
Considerations of ELS as a technique have already been mentioned in previous sections and
therefore will not be expanded upon here. Similarly, differences in the zeta potentials calculated
by Roy et al. (1998) and the zeta potentials obtained from electrophoretic mobility measurements
by MCE already have been discussed with respect to PE lipids. All of the discussion relative to
the zeta potential data on PE lipids by Roy et al. (1998) applies to zeta potential data on PS lipids
in the same study. Roy et al. (1998) also observed monotonically increasing zeta potentials as
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more PS lipids were incorporated into the prepared liposomes. This generally agrees with the
electrophoretic mobility data obtained by MCE.
Comparison to non-electrophoretic methods. While no comparable mobility data exist for the
different monovalent ions studied in this dissertation, there are some indirect data of interest.
Na+ and K+ have been shown to have general adsorption interactions with anionic lipids, similar
to that seen in POPC. In addition, these interactions are not strong enough to show up on NMR
or IR spectra. Binding constants generated from ITC experiments are on the order of 0.15 - 0.44
M-1 for Na+ and K+ [Knecht and Klasczyk, 2013]. Such low binding constants suggest
adsorption, not binding to the lipid membrane. This is seen in the electrophoretic mobility
measurements using MCE (Figure 5), since the electrophoretic mobility and ZDHH are not
perturbed in the presence of different monovalent alkali cations. This is in agreement with
Eisenberg et al. (1979; Figure D15), in which zeta potentials of PS lipids in the presence of Na+,
Li+ and K+ did not differ significantly. However, Li+ has been shown to interact with anionic
lipids, specifically phosphatidylserine [Figures D16 and D17; Loosley-Millman et al., 1982].
Loosley-Millman et al. (1982) observed, using x-ray scattering, that Li+ and Na+ had
significantly different interactions, as seen by the dw (where dw is the distance of interbilayer
separation) of POPS bilayers in the presence of Na + being two times the dw of POPS bilayers in
the presence of Li+ (Figure D16). Furthermore, there is structural data using Li+ and H NMR
relaxation data that show evidence for Li+ and PS lipid interaction [Srinivasan et al. 1999].
With respect to Na+ and K+ interactions with lipid bilayers, our results generally agree
with the reported observations of Eisenberg et al. (1979), Loosley-Millman et al. (1982) and
Knecht and Klasczyk (2013). However, the charge data of POPS Nanodiscs on MCE in the
presence of Li+ is somewhat inconsistent with some reported observations. Qualitatively, the
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ZDHH of POPS Nanodiscs was generally lower in magnitude (although still within the uncertainty
of the MCE apparatus) for POPS Nanodiscs in the presence of Li+ (Figure 6). This suggests that
Li+ may have a slightly greater affinity with PS lipids than Na+ and K+, in agreement with
Eisenberg et al. (1979), Loosley-Millman et al. (1982) and Klasczyk et al. (2010). Quantitatively
however, our results do not agree with the reported observations of Loosley-Millman et al.
(1982) and Klasczyk et al. (2010). Loosley-Millman et al. (1982; Figures D16 and D17) and
Klasczyk et al. (2010; Figure D1) observed strong interactions between PS lipids and Li+.
However, the charge data of POPS Nanodiscs on MCE in the presence of Li+ showed a <10%
change in the electrophoretic mobility and Z DHH. Differences between our results and the results
of Klasczyk et al. (2010) have already been discussed and will not be further discussed in this
section. Loosley-Millman et al. (1982) disclose that quantitative comparisons between their
calculated dw and electrophoretic mobility data is difficult because the relationship between the
hydrodynamic plane of shear in zeta potential measurements and how the authors treat the plane
of charge is unknown. Inconsistencies with the reported observations of PS lipids in the
presence of different monovalent alkali cations make comparison of our data to the literature
difficult.
Monovalent alkali cation interactions with PA lipids: Electrophoretic mobility measurements on
PA liposomes have been made by Piret et al. (2005), who reported measurements for:
1) PA vesicles in 40 mM citrate, 40 mM phosphate buffer at pH 5.4 were observed to have an
electrophoretic mobility of:
a. -3.5 x 10-4 cm2/V·s at 10% PA incorporation
b. -4.2 x 10-4 cm2/V·s at 30% PA incorporation.
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A CE apparatus (a Bio-Rad HPETM 100 CE System) was used in this study [Piret et al.,
2005].
Our charge measurements will be compared to these electrophoretic results, as well as for ion
binding results using non-electrophoretic methods.
POPA Nanodiscs in 100 mM NaCl, 50 mM Tris at pH 7.4 were observed to have electrophoretic
mobilities of:
1) -7.5 x 10-5 ± 1.7 x 10-6 cm2/V·s at a 10:90, POPA:POPC composition.
2) -1.4 x 10-4 ± 1.6 x 10-5 cm2/V·s at a 30:70, POPA:POPC composition.
3) -2.1 x 10-4 ± 1.0 x 10-5 cm2/V·s at a 70:30, POPA:POPC composition.
The measured electrophoretic mobility and ZDHH of POPA Nanodiscs using MCE
qualitatively agrees with reported observations of Piret et al. (2005). Piret et al. (2005) reported
that PA lipids have similar, but not identical electrophoretic mobilities to that of PS lipids.
Similar to POPS Nanodiscs, the electrophoretic mobilities obtained by MCE were of a lower
magnitude than the reported electrophoretic mobilities of PA lipid vesicles in the literature.
Specifically, where the MCE data disagree with Piret et al. (2005), is the comparison of the
electrophoretic mobility and ZDHH of PA lipids to other anionic lipids. Piret et al. (2005)
observed an electrophoretic mobility of PA lipid vesicles <10% to those of PS and PI lipid
vesicles. As seen in Figure D18, the data points overlay and plateau at lipid molar ratios of
~ 30%. From the results, they conclude that PS, PI and PA have similar surface charge densities.
MCE data also show that there is a <10% difference between the electrophoretic mobilities of
10POPS and 10POPA Nanodiscs. However, at molar ratios of 30% and 70%, the difference in
the electrophoretic mobility of POPS and POPA Nanodiscs is closer to ~ 20%.
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This apparent discrepancy can be explained by the different solvent conditions of both
studies. Piret et al. (2005) ran their liposomes at pH 5.4, while experiments using MCE were
performed at pH 7.4. PA lipids contain a phosphate group that can undergo two ionization
events, with one pKa ~ 3.0 and the second pKa at ~ 8.0. At pH 7.0, POPA Nanodiscs had
similar electrophoretic mobility and ZDHH values to that of POPS Nanodiscs from MCE (Figure
32). The MCE data suggest that in standard buffer at pH 7.4 however, PA lipids may contribute
closer to -1.25 charge units per head group, which is supported by the titration curve of PA lipids
(Figures C7 and C8; [Marsh, 1990]). Slight changes in pH near physiologic solvent conditions,
had a larger effect on POPA NanodiscTM charge than other lipids, most likely due to the pKa of
the second ionizable group (~ 8.0) being closer to physiologic pH. As seen in Figure 32, the
ZDHH of POPA Nanodiscs at pH 7.0 is more identical to the ZDHH of POPS Nanodiscs at a pH
range of 7.0 - 7.4. pH considerations will be explained in more detail below, however this
section will focus solely on the behavior of POPA lipids as a function of monovalent cation type.
Taking this evidence, along with titration curves by Marsh (1990; Figures C7 and C8), it
may be more correct to assume that the charge of each PA lipid is closer to -1.25 near
physiologic conditions and not -1 as observed by Piret et al. (2005). This can be problematic, as
many studies, most especially those that develop theoretical models and molecular dynamics
simulations, assume PA lipids have identical charge behavior to other anionic lipids with -1
charge such as PS, PG, and PI at physiologic pH. If a PA lipid head group charge of -1.25 is
assumed, the z/PL values for PA lipids becomes much more similar, although not identical, to
the z/PL for PS lipids (Tables D3 and D5).
Comparison to non-electrophoretic methods. Similar to PS lipids, no comparable mobility data
for PA lipids exist for the different monovalent alkali cations studied in this dissertation.
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However, there are some indirect data of interest. Loosley-Millman et al. (1982) used x-ray
diffraction to study monovalent ion binding to PA lipids by determining the intermembrane
forces (dw) between phospholipid bilayers in monovalent ionic solutions. In short, the greater the
distance (in Å) of this intermembrane force, the less interaction occurring between lipids and the
particular monovalent ion (Figure D16).
Loosley-Millman et al. (1982) observed that Li+ and Na+ had similar binding properties,
as seen by the near identical values of dw (Figure D16). The dw in the presence of K+ was
slightly greater (resulting in less interaction), although not significantly greater than in the
presence of Na+ and Li+. Loosely-Millman et al. (1982) concluded that these dw values for PA
lipids were not significantly different enough to warrant further experiments, as the focus of the
work shifted toward the significant difference in dw values between Li+ and other monovalent
ions on PS lipids; due to the significant difference in d w between PS lipids and Li+ in comparison
to other monovalent alkali cations.
MCE data of POPA Nanodiscs in the presence of different monovalent alkali cations
generally agree with the x-ray diffraction data of Loosely-Millman et al. (1982). The
electrophoretic mobility and ZDHH values of POPA Nanodiscs were generally insensitive to the
different monovalent alkali cations present, as the electrophoretic mobility and ZDHH values were
not significantly different (<10%) in the presence of Na+, K+ or Li+.
Monovalent alkali cation interactions with PIP2 lipids: Electrophoretic mobility measurements
on PC liposomes have been made by Gabev et al. (1989) and Toner et al. (1988). These groups
have reported measurements for:
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1) Egg PC/PIP2 monolayers in 100 mM KCL, 1 mM MOPS at pH 6.0, 7.0 and 8.0. No
electrophoretic mobility quantities were reported. However, zeta potentials were calculated
and PIP2 lipids were found to have a zeta potential of -43 mV at all pHs for 20% PIP2 lipid
molar ratios (Figure D19). Gabev et al. (1989) also calculated a valence of -1.8 charge units
per PIP2 lipid. A Micro-electrophoresis apparatus Mk II (Rank Brothers LTD) was used in
this study [Gabev et al. 1989].
2) Egg PC/PIP2 lipid vesicles in 100 mM KCl, 1 mM MOPS at pH 7.0. No electrophoretic
mobility quantities were reported. However, zeta potentials were calculated and PIP2 lipids
were found to have a zeta potential of -43 mV at all pHs for 10% PIP2 lipid molar ratios
(Figure D20). Toner et al. (1988) also calculated a valence of -3 charge units per PIP2 lipid.
A Micro-electrophoresis apparatus Mk I (Rank Brothers LTD) was used in this study [Toner
et al. 1988].
Our charge measurements will be compared to these electrophoretic results, as well as for ion
binding results using non-electrophoretic methods.
10% PIP2 Nanodiscs in 100 mM NaCl, 50 mM Tris at pH 7.4 were observed to have an
electrophoretic mobility of -1.2 x 10-4 ± 3.6 x 10-6 cm2/V·s using MCE. In Table 4, the ZDHH for
10PIP2 Nanodiscs is -39.7 ± 1.1. In addition, since Gabev et al. (1989) and Toner et al. (1988)
only reported zeta potentials (and did not report the measured electrophoretic mobilities used to
calculate the zeta potential), the zeta potential of PIP2 Nanodiscs will be mentioned for the sake
of comparison. The calculated zeta potential of 10PIP2 Nanodiscs was -20.6 ± 0.9 mV.
Electrophoretic mobility, ZDHH and zeta potential values for PIP2 Nanodiscs using MCE
qualitatively agree with the current literature. Similar to other anionic lipids, measured
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electrophoretic mobilities and calculated zeta potentials found in the literature are much higher in
magnitude than the electrophoretic mobilities and zeta potentials obtained by MCE. The
calculated zeta potential of PC/PIP2 monolayers obtained by Gabev et al. (1989) and of egg
PC/PIP2 lipid vesicles Toner et al. (1988) were identical (both ~ -43 mV) and twice that of the
calculated zeta potential obtained from MCE. In addition, our data agree with the assessment of
Toner et al. (1988) that there is a valence of -3 charge units per PIP2 lipid. They reached this
conclusion by comparing the zeta potentials of PI lipid vesicles to PIP2 lipid vesicles. The zeta
potential of PIP2 lipid vesicles was found to be three times greater than the zeta potential of PI
lipid vesicles. Similarly, the MCE data show that 10PIP 2 Nanodiscs have a similar
electrophoretic mobility and ZDHH values to 30POPS Nanodiscs, which also leads us to the same
conclusion that PIP2 lipids on Nanodiscs contribute quantitatively, a -3 charge per lipid head
group.
Comparison to non-electrophoretic methods. Toner et al. (1988) also performed 31P NMR
experiments in order to calculate association constants of Na+ (not reported) and K+ ions to the
PC/PIP2 lipid vesicles. From these association constants, they predict that 0.7 K+ ions are bound
to each PIP2 molecule (assuming a fixed surface potential of the PC/PIP 2 lipid vesicles of -30
mV and the absence of other monovalent or divalent cations). They further calculated that when
Mg2+, but not Ca2+ is present, the number of or K+ ions bound to each PIP2 molecule decreases to
0.4. Based on the reported data, it is difficult to compare these results to those obtained by MCE,
given the different ion concentrations observed in this study. Toner et al. (1988) calculated only
0.01 Ca2+ ions per PIP2 molecule at 1 uM, in comparison to that of 0.2 and 1.3 for Mg2+ at 100
uM and 1 mM, respectively. However, that does not give any insight as to whether or not PIP 2
lipids have a higher binding affinity of Mg2+ over Ca2+, since the Ca2+ concentration was lower
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by two and three orders of magnitude. This is an important factor to take into account, since a
one order of magnitude increase in concentration for Mg 2+, results in a six-fold increase in the
amount of Mg2+ bound per PIP2 lipid. Furthermore, Toner et al. (1988) mention measurements
made in the presence of Na+, but do not report those measurements and calculations. Therefore,
there is no frame of reference for comparison to monovalent ions. Is the value for the number of
Na+ ions bound per PIP2 lipid similar or identical to the value in the presence of K+?
Considerations of divalent cation binding with PIP 2 lipids will be discussed later in the section
below
Divalent cations
Divalent cation interactions with PC and PS lipids: Electrophoretic mobility measurements on
PC and PS liposomes in the presence of divalent cations have been made by McLaughlin et al.
(1978), Sinn et al. (2005), Sou and Tsuchida (2008) and Martin-Molina et al. (2012). These
groups have reported measurements for:
1. Egg PC liposomes in 100 mM NaCl, at pH 7.5. No electrophoretic mobility quantities were
reported. However, zeta potentials were calculated and egg PC liposomes were found to
have a zeta potential of:
a. 0 mV in the absence of divalent cations
b. 11.0 ± 1 mV in the presence of 50 mM Mg2+
c. 10.0 ± 1 mV in the presence of 50 mM Ca2+
A Micro-electrophoresis apparatus Mk II (Rank Brothers LTD) was used in this study
[McLaughlin et al., 1978].
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2. DOPC and DOPS lipid vesicles in 10 mM NaCl, pH not reported. In addition, no
electrophoretic mobility quantities were reported. However, zeta potentials were calculated
and egg PC liposomes were found to have a zeta potential of:
a. DOPC lipid vesicles
i. 3 mV in the absence of Ca2+
ii. 2 mV in the presence of 1.25 mM Ca2+
iii. 12 mV in the presence of 40 mM Ca2+
b. DOPS lipid vesicles
iv. -42 mV in the absence of Ca2+
v. -35 mV in the presence of 1.25 mM Ca2+
Electrophoretic mobilities were determined using a Malvern Zetasizer 3000 HS [Sinn et al.,
(2005)].
3. DMPC lipid vesicles in 20 mM NaCl, 10 mM HEPES, and 3 mM CaCl2 at pH 7.4. No
electrophoretic mobility quantities were reported. However, zeta potentials reported were:
a. -6 mV in the absence of Ca2+
b. 0 mV in the presence of 3 mM Ca2+
Zeta potentials were determined by Laser Doppler Velocimetry (Zeta-sizer Nano ZS, Malvern
Instruments) [Sou and Tsuchida, 2008].
4. Bovine PS liposomes in varying concentrations of Ca(NO3)2 and Mg(NO3)2 at pH 5.5. The
electrophoretic mobilities reported were:
a. -3.0 x 10-5 cm2/V·s in the presence of 100 uM of divalent cations
b. -2.5 x 10-5 cm2/V·s in 3 mM Mg(NO3)2
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c. -2.0 x 10-5 cm2/V·s in 3 mM Ca(NO3)2
Electrophoretic mobilities were determined by phase analysis light scattering (ZetaPALS,
Brookhaven) [Martin-Molina et al. 2012].
Divalent cation interactions with POPC and POPS Nanodiscs. Since identical results were
observed for POPC and POPS Nanodiscs in the presence of divalent cations Ca 2+ and Mg2+, they
will be discussed together. Our observations of POPC and POPS Nanodiscs in the presence of
divalent cations were as follows:
1. In 100 mM NaCl, 50 mM Tris, 3 mM CaCl2 at pH 7.4, the ZDHH was observed to decrease in
magnitude by ~ 25% in comparison to the ZDHH of POPC and POPS Nanodiscs in the
absence of Ca2+ (Figure 22a and 22b).
a. In the presence of 10 uM CaCl2, the ZDHH of POPC and POPS Nanodiscs was not
significantly different from the ZDHH of POPC and POPS Nanodiscs in the absence of
Ca2+ (Figures B1 and B2).
b. In the presence of 10 mM CaCl2, the ZDHH of POPC and POPS Nanodiscs was not
significantly different from the ZDHH of POPC and POPS Nanodiscs in the presence
of 3 mM Ca2+ (Figures B1 and B2).
2. In 100 mM NaCl, 50 mM Tris, 3 mM MgCl at pH 7.4, the ZDHH was not significantly
different from the ZDHH of POPC and POPS Nanodiscs in the absence of Mg2+ at
concentrations from 10 uM - 10 mM (Figure 22a).
The data obtained by MCE of NanodiscTM charge in the presence of divalent cations is
inconsistent with some reported observations. McLaughlin et al. (1987), Sinn et al. (2005) and
Sou and Tsuchida (2008) all observed a decrease in magnitude of the zeta potentials, and Martin108

Molina et al. (2012) observed a decrease in magnitude of the electrophoretic mobilities as Ca2+
and Mg2+ concentration increased. Perhaps a more accurate description would be that they
observed increasing cationic zeta potentials and electrophoretic mobilities with increasing
divalent cation concentration. In our experiments, the ZDHH of Nanodiscs becomes more cationic
in the presence of Ca2+, but not Mg2+. However, the magnitude of the cationic increase differs
between groups due to the different solvent conditions used:
1. McLaughlin et al. (1978) observed a zeta potential change of +10 mV in the presence of
40 mM Ca2+ and a zeta potential change of +11 mV in the presence of 40 mM Mg 2+.
2. Sinn et al. (2005) observed a ~ 12% change in the zeta potential in the presence of 1.25
mM Ca2+ for DOPS liposomes. Sinn et al. (2005) also observed a more negative zeta
potential (by ~ 33%) at 1.25 mM Ca2+, but observed a more positive zeta potential
(~ 400%) at 40 mM Ca2+.
3. Sou and Tsuchida (2008) observed a zeta potential change of +6 mV in the presence of 3
mM Ca2+.
4. Martin-Molina et al. (2012) observed a decrease in the electrophoretic mobility of PS
liposomes by ~ 33% in 3 mM Ca2+ and a decrease in the electrophoretic mobility by
~ 17% in the presence of 3 mM Mg2+.
Since the experiments conducted by McLaughlin et al. (1987), Sinn et al. (2005), Sou and
Tsuchida (2008) and Martin-Molina et al. (2012) differ in solvent conditions and measured
quantities, this section will focus on a qualitative comparison of the general behavior observed in
divalent cation-lipid interactions.

109

Calcium. From this work we see that addition of 3 mM Ca2+ results in nearly identical fractional
charges across both POPC and POPS Nanodiscs (Figure 22b), consistent with polyelectrolyte
theory [Manning, 1969]. The Ca2+ results are consistent with a model in which the divalent Ca2+
does not interact with a fully exposed PS lipid layer, but instead displaces existing monovalent
Na+ ions on the surface. That is, the difference in ZDHH in the presence of 3 mM Ca2+ represents
the difference in preferential solvation by 100 mM Na+ and 3 mM Ca2+. This model implies that
Ca2+ does not have a specific interaction with PS head groups, contrary to some models
[Altenbach and Seelig, 1984]. It also could be that the Ca2+ is interacting with some common
feature of the Nanodiscs, e.g. either the phosphate group or the protein belt. However, these data
do not specifically rule out PS providing a Ca2+-specific binding site.
Magnesium. For POPC and POPS Nanodiscs, addition of 3 mM Mg 2+ did not significantly
affect the electrophoretic mobility and ZDHH values (Figure 7). It is difficult to gauge whether
this agrees with some reported observations. Martin-Molina et al. (2012) reported that Mg2+
decreases the magnitude of the electrophoretic mobility of both PC and PS liposomes and with a
charge inversion (sign reversal) at 100 mM Mg2+. Their results were obtained in a Mg(NO3),
rather than MgCl2. However, there is no reason to suspect that the nitrate ion would account for
the difference between their data, and ours, which show that Mg2+ does not affect the
electrophoretic mobility and ZDHH relative to Na+. Concentrations of Mg2+ did not exceed 3 mM
for our analysis because the intracellular (~5 x 10-4 M) and extracellular (~1 mM) Mg2+
concentrations generally do not exceed 3 mM in normal conditions [Jahnen-Dechent and Kettler,
2012]. Perhaps the discrepancy with the reported observations of Martin-Molina et al. (2012)
results from the much higher [Mg2+] used in their studies.
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General comments. For POPC and POPS Nanodiscs, the charge magnitude decreases when 3
mM Ca2+ is present in the solvent. It may seem somewhat surprising that pure POPC Nanodiscs
interact with Ca2+. However, although the magnitude of the charge change is relatively small,
this may reflect preferential solvation effects [Gokarn et al., 2011]. Perhaps more surprising, is
that Ca2+ neutralizes the same fraction of the expected charge regardless of PS content (Figure
8). At this time, we cannot explain this observation. Our results disagree with NMR studies that
observe perturbations within the lipid head group environment suggesting Ca 2+ becomes deeply
buried in the membrane, to a much greater extent than monovalent ions [Altenbach and Seelig,
1984]. Other stability and binding studies [Ekerdt and Papahadjopoulos, 1982; Nir et al. 1983],
also suggest specific binding is occurring between Ca2+ and the phosphate portion of the
phospholipid [Altenbach and Seelig, 1984; Roux and Bloom, 1990]; in disagreement with our
observations.
Divalent ion interactions with PA lipids: No equivalent electrophoretic mobility measurements
on PA lipids in the presence of divalent cations have been reported in the literature. There are
however, non-electrophoretic studies of PA lipids in the presence of divalent cations that may
help shed some light on the charge data of POPA Nanodiscs from MCE.
Calcium. In the presence of Ca2+, POPA aggregates (Figures 9a and 10), in a manner that
cannot be reversed by dilution, suggesting an irreversible association. These observations agree
with the literature concerning the induced aggregation of PA bilayers in the presence of Ca2+
[Serhan et al. 1983]. However, the electrophoretic mobility of POPA Nanodiscs obtained by
MCE, in the presence of Ca2+ is still anionic. This suggests that complete neutralization of the
surface charge may not be what allows the lipid bilayers to approach one another on the order of
an Å, which is necessary for aggregation to occur [Papahadjopoulos et al., 1990]. Perhaps a
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bridging interaction is occurring where Ca2+ that is bound one NanodiscTM bridges to and binds
with another NanodiscTM thus aggregating. It must be noted that the stoichiometry is not one
Ca2+ ion bridging two phosphates on separate bilayers. At Ca2+ concentration on the order of 10
uM, no aggregation was observed (Figure B3), showing that ion binding is not occurring. If
tight binding is the mode of interaction between PA lipids and Ca2+, even at lower Ca2+ (on the
order of uM) concentrations, some of these aggregation behaviors should have been observed,
which were not. It wasn’t until Ca2+ concentrations were on the order of mM that aggregates
were observed, suggesting preferential solvation may be the mode of interaction.
Magnesium. With respect to POPA behavior in the presence of Mg 2+, there is limited literature
data available on Mg2+/POPA interactions that suggest Mg2+ induced aggregation [Leventis et
al., 1986]. We did not observe Mg2+ induced aggregation (Figure 11); although an interaction is
implied by the reduced magnitude of ZDHH. It has been observed, that the presence of Mg2+ does
not typically lead to bilayer fusion, but does lead to aggregation [Schultz et al., 2009]. Therefore
the interaction of Mg2+ and lipids is fundamentally different from that between Ca 2+ and lipid,
since Ca2+ was observed to induce aggregation of POPA Nanodiscs by MCE, while Mg2+ did not.
MCE experiments showed that POPA Nanodiscs remains monodisperse in the presence
of 3 mM Mg2+ (Figure 24b). The interaction with Mg2+ must be with the exposed phosphate
group on PA lipids, since Mg2+ did not have an effect on POPC and POPS Nanodiscs, which
contain the MSPs. Furthermore, the data suggests that Mg2+ also does not have a significant
interaction with the carboxylate anion on the PS lipid head group, as the electrophoretic mobility
of POPS Nanodiscs was not significantly different in the presence of Mg 2+. Mg2+ does have
binding interactions with phosphate, and this data may suggest that the phospho-L-serine head
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group of PS lipids may also prevent molecules and ions from interacting with the phosphate
group in PS lipids, similarly to the bulky choline head group of PC lipids.
As seen in Figure 11, the fractional charge of POPA Nanodiscs in the presence of Mg2+
is similar to the fractional charge of POPS Nanodiscs in the presence of Ca2+, which suggests
that there may be an underlying cause such as preferential solvation. What then might account
for the different consequences of Ca2+ and Mg2+ interacting with POPA Nanodiscs? One
possibility is the differences in the hydration properties of Ca2+ and Mg2+. Ca2+ has a weaker
association with its hydration shell, resulting in a more variable hydration shell per Ca2+ ion, and
leads to Ca2+ more readily shedding its water molecules during interactions with the lipid head
groups [Ikeda et al., 2007]. The dehydration of the Ca2+ may be why lipid bilayers can get to the
distance (on the order of an Å) that is required for the first step in bilayer fusion. Mg 2+ on the
other hand has a stable and tightly associated hydration shell consisting of six water molecules
[Maguire and Cowan, 2002]. Unlike Ca2+, this hydration shell requires a much greater energy of
interaction for Mg2+ to shed its hydration shell. If Mg2+ ions interact with the lipid head group
and the interaction is not strong enough to displace the water molecules associated with Mg 2+, at
the distance of a few Å, these bound water molecules are more than enough to cause bilayers to
strongly repel at these distances [Yeagle, 1993]. The different hydration properties of Ca2+ and
Mg2+ may explain why Ca2+ causes aggregation in POPA Nanodiscs, while Mg2+ does not.
Divalent ion interactions with PIP2 lipids: No equivalent electrophoretic mobility measurements
on PIP2 liposomes in the presence of divalent cations have not been reported in the current
literature. There are however, numerous non-electrophoretic studies of PIP2 lipids in the
presence of divalent cations that may help shed some light on the MCE electrophoretic mobility
and ZDHH data of PIP2 Nanodiscs.
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PIP2 Nanodiscs, like POPA Nanodiscs, were observed to interact with both Ca2+ and
Mg2+ (Figure 12). However, the nature of these interactions was opposite to that observed with
POPA Nanodiscs. Unlike POPA Nanodiscs, PIP2 Nanodiscs aggregated in the presence of Mg2+,
but not Ca2+. In the presence of Ca2+ ions, the ZDHH of PIP2 Nanodiscs decreased in magnitude.
Furthermore, the charge neutralization by Ca2+ ions was of a much greater magnitude than that
observed in all other NanodiscTM samples. Whereas the ZDHH was neutralized ~ 25% for POPC
and POPS Nanodiscs in the presence of Ca2+ (and for POPA Nanodiscs in the presence of Mg2+),
the ZDHH was neutralized by ~ 50% for PIP2 Nanodiscs in the presence of Ca2+ (Figure 30).
The results here are inconsistent with some reported observations. First, studies have
shown that PIP2 Nanodiscs bind Ca2+ and Mg2+ differently [Wang et al., 2012]. Some have
observed PIP2 lipids binding Ca2+ more strongly and some have observed PIP2 lipids binding
Mg2+ more strongly [Wang et al, 2012; Gwanyanya et al, 2006]. While the MCE data of PIP2
Nanodiscs implies some interaction to both divalent cations, the electrophoretic data cannot give
conclusive quantities for the strength of those interactions. Figure 29 shows that while some
aggregation occurs in the presence of Mg2+, the ZDHH is of a higher magnitude (nearly double)
than that of PIP2 Nanodiscs in the presence of Ca2+ ions. This suggests that a greater number of
Ca2+ ions may be interacting with PIP2 lipids. However, Ca2+ also has been observed to induce
more aggregation behavior and stronger aggregation behavior than Mg 2+ [Wang et al, 2012;
Serhan et al. 1983]. We did not observe Ca2+ induced aggregation in PIP2 Nanodiscs.
Furthermore, Mg2+ only neutralized the charge on PIP2 lipids ~ 25% (as opposed to ~ 50% in the
presence of Ca2+) and yet showed aggregation behavior. This also suggests that aggregation
behavior is due in part to both the chemical and electrostatic structure of the lipids within a
cellular membrane.
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A qualitative comparison of POPA and PIP2 lipid behavior in the presence of divalent cations.
Phosphatidic acid is a much smaller lipid than phosphatidylcholine, and its cone shape decreases
its head group exposure to the lipid bilayer surface (Figure D9). Mg2+ is known to chelate
polyphosphates, the best example being the Mg-ATP complex (Figure D22). However, if Mg2+
chelates one PA lipid, the PC lipids are large enough to sterically hinder the chelation of another
PA lipid on another lipid bilayer (Figure D9). This may be one reason why Mg2+, which was
observed to interact with the POPA Nanodiscs, does not induce aggregation. PIP2 on the other
hand, has an asymmetric shape opposite that of PA lipids, with a much larger head group relative
to that of the fatty acid tails (Figure D10). As a result, if a Mg2+ ion did chelate a phosphate on
the inositol group of one PIP2 lipid, that Mg2+ is far out enough into the surface to chelate
another PIP2 phosphate group on a separate bilayer, without being sterically hindered by the PC
lipids surrounding it. Chelation at multiple PIP 2 lipids could disrupt the membrane by forcing
PIP2 lipids to adopt a more rigid, extended conformation, which might lead to aggregation. In
addition, this chelation could also bring separate bilayers into close enough proximity with one
another (on the order of an Å), leading to aggregation/fusion.
The PIP2 MCE data in the presence of Ca2+ is a little more difficult to interpret, as no
aggregation was observed in PIP2 Nanodiscs, but aggregation has been observed previously in
PIP2 liposomes in the presence of Ca2+ and Mg2+ [Wang et al., 2012]. One possible reason may
be due to the large PIP2 head group relative to the fatty acid structure. Of all the lipids observed,
only PA aggregated in the presence of Ca2+. The other lipids characterized here (PE lipids
excluded) have large head groups that can potentially prevent interaction with the phosphate
group in the ester bond. Therefore, access to this particular phosphate may be important for
aggregation to occur. For PIP2 lipids, the head group extends out further from the membrane
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surface than neighboring PC lipid head groups and the larger area also pushes neighboring PC
lipids further away. Any Ca2+ interactions may be isolated to the PIP2 head group and may not
be significant enough to induce aggregation behavior due to the distance between the Ca2+ ions
and the neighboring positive charge on PC lipids.
However, with respect to PIP2 Nanodiscs in the presence of Ca2+, the data here are not in
agreement with data found in literature and at the current time, there is no physical data that can
conclusively prove these possible explanations for the behavior observed with PIP 2 and divalent
cations are occurring.
Lipid charge as a function of Na+ concentration: Electrophoretic mobility measurements on PC
liposomes have been made by Klasczyk et al. (2010). Klasczyk et al. (2010) have reported ELS
measurements for:
1) POPC liposomes in concentrations ranging from 0-500 mM NaCl, LiCl, KCl, CsCl and
RbCl, 15 mM HEPES, 2 mM KOH at pH 7.0. Klasczyk et al. (2010) observed that as the
salt concentration increased, the magnitude of the electrophoretic mobility decreased. In the
presence of Li+, as salt concentration increased, the electrophoretic mobility decreased in
magnitude until charge inversion ~ 10 mM. At higher salt concentrations, the
electrophoretic mobility increased in magnitude in the positive direction. At higher salt
concentrations, the electrophoretic mobility became insensitive to additional salt.
Na+ concentration dependence of POPC Nanodiscs. POPC NanodiscTM charge was generally
insensitive to the changes in Na+ concentration (Figure 9). At ionic strengths of 50 mM to 250
mM, the ZDHH did not change significantly, in contrast to anionic Nanodiscs. This finding, in
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conjunction to the salt concentration data of anionic lipids (including POPE Nanodiscs)
reinforces the assertion that PC lipids are neutral.
Na+ concentration dependence of POPE Nanodiscs. POPE NanodiscTM charge behaved most
similarly to anionic lipids as a function of Na+ concentration. This observation, in conjunction
with the ZDHH measurements of POPE Nanodiscs, reinforces that PE lipids are anionic, as the
ZDHH increased as Na+ concentration decreased. However, POPE NanodiscTM charge did plateau
at higher Na+ concentrations (Figure 9).
Na+ concentration dependence of anionic Nanodiscs. POPS, POPA and PIP2 Nanodiscs
behaved similarly to POPE Nanodiscs (Figures 10-12). As Na+ concentration decreases, the
ZDHH increases in magnitude. However, POPS, POPA, PIP2 NanodiscTM charge plateaued at
higher Na+ concentrations.
Extrapolated values at zero Na+ concentration. It is not surprising that the extrapolated values at
zero salt for 70POPS, 70POPA and 10PIP2 Nanodiscs were lower in magnitude than the
calculated charge estimates. This observation agrees with polyelectrolyte theory [Manning,
1969]. At high charge densities, more ions must adsorb unto the surface charge of the
macromolecule in order to bring the electrostatic potential back to kBT. With 70POPS and
70POPA, this charge reduction is essential due to the sheer number of anionic lipids present in
the NanodiscTM. If 10-30% of the lipids are anionic lipid, they can still be oriented so that no
charged groups (on average) are adjacent to one another (Figure D23a-D23f). There can be one,
two or three PC lipids in between them at any one time, stabilizing the electrostatic potential by
keeping the distance between charged lipid head groups greater than the lBaqueous. At 70%
incorporation of anionic lipids, the anionic lipids saturate the Nanodisc TM, so that the majority of
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anionic lipids are adjacent to one another. As a result, more counter-ions are needed to adsorb
unto the surface in order to keep the distance between charged lipid head groups greater than
lBaqueous. Head group repulsion is why pure anionic lipids are not feasible to prepare and
constantly fall back into solution unless PC lipids (or positively charge modified molecules) are
incorporated to stabilize the lipid structure. As seen in Table 7, this neutralization is so great in
70POPS and 70POPA Nanodiscs that each lipid head group only expresses <50% of its charge.
That PIP2 Nanodiscs have a lower extrapolated ZDHH value than the calculated charge
estimates also agrees with polyelectrolyte theory. While 10% incorporation allows the 13 PIP 2
lipids to be spaced far enough apart, as to keep the distance between intermolecular PIP2 head
groups greater than lBaqueous, it is the intramolecular charge distribution that contributes to its high
electrostatic potential. The spacing between the 4’ and 5’ phosphates on the inositol group has
been estimated to be less than lBaqueous [Levental et al., 2008], requiring much more ion
adsorption than required by 10POPS or 10POPA Nanodiscs. However, due to there being only
13 PIP2 lipids, the effect is not as dramatic that seen in 70POPS and 70POPA due to the greater
spacing between intermolecular PIP2 lipids and therefore, the extrapolated ZDHH at zero salt was
only slightly lower than the calculated charge estimate.
Polyelectrolyte behavior. In general, lipid Nanodiscs exhibit polyelectrolyte behavior. As the
Na+ concentration decreases, ZDHH increases. In addition, the charge plateaued at higher Na+
concentrations (Figures 9-12).
pH dependence of lipid charge. Electrophoretic mobility measurements on lipid vesicles have
been made by Gabev et al. (1989) and Woodle et al. (1992). They have reported measurements
for:
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1. PC liposomes in 10 mM phosphate buffer at pHs 5.2, 7.3 and 9.2.
a. At pH 5.2, the electrophoretic mobility was found to be 0.5 x 10-7 ± 0.4 x 10-7
cm2/V·s
b. At pH 7.3, the electrophoretic mobility was found to be 0.9 x 10 -7 ± 0.1 x 10-7
cm2/V·s
c. At pH 9.2, the electrophoretic mobility was found to be 0.6 x 10 -7 ± 0.2 x 10-7
cm2/V·s
An ELS apparatus (Coulter Electronics DELSA) was used in this study [Woodle et al., 1992]
2. Methylated PEG-DSPE modified liposomes in 10 mM phosphate buffer at pHs 5.2, 7.3 and
9.2.
a. At pH 5.2, the electrophoretic mobility was found to be:
i. -6.0 x 10-6 ± 3.0 x 10-7 cm2/V·s at a molar ratio of 7.5%
b. At pH 7.3, the electrophoretic mobility was found to be:
i. -4.5 x 10-6 ± 4.0 x 10-7 cm2/V·s at a molar ratio of 7.5%
c. At pH 9.2, the electrophoretic mobility was found to be:
i. -4.5 x 10-6 ± 3.0 x 10-7 cm2/V·s at a molar ratio of 7.5%
An ELS apparatus (Coulter Electronics DELSA) was used in this study [Woodle et al., 1992]
3. Egg PC/PIP2 monolayers in 100 mM KCl, 1 mM MOPS at pH 6.0, 7.0 and 8.0. No
electrophoretic mobility data were reported. However, zeta potentials were calculated and
PIP2 lipids were found to have a zeta potential of -43 mV at all pHs for 20% PIP2 lipid molar
ratios (Figure D19). A Micro-electrophoresis apparatus Mk II (Rank Brothers LTD) was
used in this study [Gabev et al. 1989].
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While Woodle et al. (1992) did study different lipid molar ratios of methylated PEGDSPE modified liposomes, only the data at a lipid molar ratio of 7.5% will be considered since it
was the only lipid molar ratio to have meaningful measurements across the three pHs observed.
No equivalent electrophoretic mobility measurements on lipid vesicles as a function of pH have
been reported in the current literature for PA or PIP 2 lipids. Woodle et al. (1992) did measure
the electrophoretic mobility of PG lipids, which have been observed in literature to have similar
surface charge estimates (of -1 charge unit per lipid). However, the chemical structures of PG
and PS lipids are different and therefore, only a qualitative comparison will be made
pH dependence of POPC and POPS NanodiscTM charge. POPC and POPS Nanodiscs exhibit
similar charge behavior as a function of pH. Please note, for MCE analysis of Nanodiscs, a
reference pH of 7.4 will be used for the discussion in this section. Therefore, ΔZPHx – ΔZPH7.4 =
ΔZDHH, where x is the pH of comparison to the reference standard of pH 7.4. As pH decreases to
7.0, the ΔZDHH of POPC and POPS Nanodiscs is ~ 0 (Figure 31). However, as the pH increases
to 8.5, the ΔZDHH is ~ 6 for POPC and POPS Nanodiscs. It is unlikely that this increase in ZDHH
is due to the ionization of PC or PS head groups. The choline group of PC lipids is non-titratable
and due to the carboxylate anion on the serine group of PS lipids, the measured pKa of the
adjacent ammonium cation (Figure C6) on PS lipids is ~ 11.6 [Marsh, 1990]. Therefore, the
increase of ZDHH observed in POPC and POPS Nanodiscs at pH 8.0 must be coming from the
amino acid composition of the MSPs, suggesting that the charge of the PC and PS lipids
themselves, are insensitive to pH changes from a pH range of 7.0 – 8.5. Within a single MSP are
5 histidines, 7 tyrosines and 17 lysines, which are the most likely candidate amino acids that are
ionized in the pH range tested.

120

As seen in Table D6, ΔZDHH of two the MSPs is 3 at pH 8.5 and at pH 7.0, ΔZDHH is 2.
Assuming that the ΔZDHH in POPC and POPS Nanodiscs at pH 8.5 is solely contributed by the
MSPs, the measured ΔZDHH of the MSPs at pH 8.5 is twice that of the calculated ΔZDHH of the
MSPs at the same pH. This isn’t surprising given that the charge estimates assume all the amino
acid residues have pKa values that are equivalent to the isolated residues. For a folded protein,
this assumption is not valid and therefore deviations from the calculated charge based off the
amino acid sequence are not uncommon [Edsall and Wyman, 1958]. The pKas of amino acid
side chains are heavily environment dependent and vary considerably. Histidine in particular has
one of the most variable pKa of the 20 common amino acids, so the difference in the measured
ΔZDHH for from the calculated ΔZDHH is not too surprising.
POPC NanodiscTM charge behavior as a function of pH is inconsistent with reported
observations of Woodle et al. (1992). Woodle et al. (199) observed significantly different
electrophoretic mobilities at pH 5.2, 7.3 and 9.2. From pH 5.2 to 7.3, the electrophoretic
mobility increases ~ 80%. From pH 7.3 to 9.2, the electrophoretic mobility decreases by ~ 60%.
Since the choline group on lipid head groups is non-titratable, and the phosphate group has
already ionized, it is difficult to pinpoint what is causing these fluctuations in this pH
dependence of PC liposome electrophoretic mobility. No relevant literature concerning pH
dependence of PS lipids with respect to ZDHH was found.
pH dependence of POPE Nanodiscs. POPE Nanodiscs also followed the trend of increasing
ΔZDHH as pH increases to 8.5, which agree with the reported observations of Woodle et al. 1992.
Woodle et al. (1992) observed no change to the electrophoretic mobility of Methylated PEGDSPE modified liposomes from pH 7.3 – 9.2. Similarly to POPC and POPS Nanodiscs, the
ΔZDHH was ~ 6 for 10POPE Nanodiscs at pH 8.0 and remained unchanged at pH 8.5. This also
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suggests that the ΔZDHH is most likely due to the ionization of the MSPs and that the ZDHH of
POPE Nanodiscs is insensitive to changes in pH at pH 8.5, in agreement with Woodle et al.
(1992). Unfortunately, electrophoretic mobility measurements for POPE Nanodiscs in MCE
could not be made at pH 7.0. At pH 7.0 POPE Nanodiscs was observed migrating toward the
bottom membrane, only to reverse and start moving back up the cell. Some studies have
observed PE lipids aggregating at pHs <7.0 [Connor et al., 1984]. However, at pH 7.0, no
aggregation was observed on POPE Nanodiscs using AUC (Figure A4). At this time, there is no
explanation for this behavior observed with POPE Nanodiscs at pH 7.0.
pH dependence of POPA Nanodiscs. POPA Nanodiscs were observed to be pH sensitive, with
significantly different ZDHHs at pH 7.0, 7.4, 8.0 and 8.5. In general, as the pH increases, the
ZDHH increases and vice versa, for the pH range of 7.0 – 8.5. Furthermore, at pH 7.0, the ZDHH of
POPA Nanodiscs was identical to the ZDHH of POPS Nanodiscs (Figure 32). This isn’t
surprising given that the pKa for the second ionizable group on the phosphate group for PA
lipids is ~ 8.0 (Figures C7 and C8). The MCE data also show that the charge per PA lipid is
closer to -1.25 charge units, rather than a -1 charge unit at pH 7.4, which is supported by the
titration data of PA lipids (Figures C7 and C8). In comparison to POPC, POPS and POPE
Nanodiscs, the ΔZDHH of POPA Nanodiscs is >6 from pH 7.4 – 8.5, signifying that the amino
acids on the MSPs are not the only groups ionizing and contributing to the observed increased in
ZDHH of POPA Nanodiscs.
Physiological impact of PA sensitivity to pH. The sensitivity of PA lipids to pH changes makes
it a good pH biosensor, as its charge is sensitive to slight changes at physiologic pH. This is
reflected in PA lipids being most commonly found in the mitochondrial membranes, where
proton gradients are common during cellular respiration [Porter and Brand, 1995]. However, the
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amount of PA in lipid bilayers is still very low (~ 1-3%). PA is synthesized by the endoplasmic
reticulum and mitochondria. PA synthesized by the ER is usually converted in diacylglycerol
which is then converted to PC, PE, PS, PG, PI, PIP, PIP 2 and PIP3 lipids. PA that is synthesized
in mitochondria is typically incorporated into a cardiolipin molecule or incorporated into the
lipid bilayer itself.
pH dependence of PIP2 Nanodiscs. PIP2 Nanodiscs were also observed to be pH sensitive.
However, this was only observed at pHs greater than 7.4, as ΔZDHH was ~ 0 at pH 7.0 and was
within the uncertainty of the measurement at pH 8.0 (ΔZDHH ~ 4). At pH 8.5 the ΔZDHH was 15.
While there is currently no reliable titration data on PIP2 lipids, there have been estimates that
the pKa of the second ionization on the 4' and 5’ phosphates found on the inositol group ranging
from 6.7 to 7.7 [McLaughlin et al., (2002)]. These estimates seem low considering the chemical
environment of the PIP2 lipid at pH 7.4. The environment around a PIP2 head group is very
anionic, due to the -3 charge from 3 phosphate groups. As a result, one would expect a pKa shift
greater than that observed in PA lipids, which has only one ionized phosphate group. In
addition, due to the reverse cone structure of PIP 2 lipids (Figure D10), it would seem less likely
that the bulky choline groups of PC lipids have an influence on ionization of PIP 2 lipids. If the
pKas obtained from NMR titrations were taken into consideration, it would be expected that PIP 2
lipids should have a similar pH sensitivity to PA lipids. However, that was not observed and
therefore the MCE data for PIP2 lipids as a function of pH does not agree with the estimated
pKas of McLaughlin et al. (2002).
There is evidence that PIP2 lipid sensitivity to pH plays an important role in the
regulation of mechanisms in the physiology of inwardly-rectifying K+ (Kir) channels [Yang et
al., 2000]. Yang et al. (2000) observed that at pH 8.5, PIP2 associated Kir channels were open
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for a much longer period of time and closed for shorter periods of time. In addition, at pH 6.5
and below, PIP2 associated Kir channels were observed to be closed over longer periods of time
and opened for shorter periods of time. These observations are congruent with our observations
that show PIP2 increasing in ZDHH as the pH increases to 8.5 by MCE.
Anion binding to lipids. Electrophoretic mobility measurements have been made by MartinMolina et al. (2012) and Tatulian (1983). Martin-Molina et al. (2012) and Tatulian (1983) have
reported measurements for:
1) Bovine brain 3-sn-phosphatidyl-L-serine liposomes in varying concentrations of Ca(NO3)2
and Mg(NO3)2 at pH 5.5 (Figure D13). Martin-Molina et al. (2012) observed that
magnitude of the electrophoretic mobilities of the PS liposomes decreased, suggesting that
more cations are binding to lipids than are anions. A phase-analysis light scattering
apparatus (Zetapals, Brookhaven Instruments Corporation) was used in this study (MartinMolina et al., 2012).
2) DMPC liposomes in 10 mM KCl, 5 mM Tris-HCl at pH 7.4 at varying concentrations of
picric acid (Figure D24). Tatulian (1983) observed that up to 10 uM of picric acid, the zeta
potential of DMPC liposomes was not affected by picric acid. At concentrations greater than
10 uM of picric acid however, the charge magnitude started to increase significantly.
Electrophoretic mobility measurements were carried out on an automatic apparatus
Parmoquant-2 cell electrophoresis system [Tatulian, 1983].
Anion binding to lipid Nanodiscs. Figure 34 shows that in the presence of 100 mM Na2S04, 50
mM Tris at pH 7.4, the ZDHH was not significantly different from the ZDHH in standard buffer for
POPC, 30POPS and 30POPA Nanodiscs. This finding is generally inconsistent with some
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reported observations. There have not been many studies with respect to anion binding using
electrophoretic methods. In the mentioned studies, Martin-Molina et al. (2012) observed that
nitrate did not have an effect on the electrophoretic mobilities, as Ca 2+ or Mg2+ had greater
interactions with PS lipids; as seen by the decrease in magnitude of the electrophoretic mobility.
Tatulian (1983) observed the exact opposite, with the zeta potential more negative as the
concentration of picric acid increased. Indeed, the literature in general does not seem to agree on
anion binding to any macromolecule. Rydall and Macdonal (1991) observed that sulfate had
minimal interactions with POPC bilayers due to a low quadrupole splitting spectra by NMR.
However, they observed a large signal splitting in the presence of thiocyanate, perchlorate and
nitrate, which signifies a much higher association with PC lipids than that observed by Tatulian
(1983). This trend of increasing association of macromolecules (not unique to Nanodiscs) being
proportional to solvation effects of these anions agrees with the trend seen in the Hofmeister
series on anions.
Macdonald and Seelig (1988) observed that thiocyanate did not bind as strongly to POPC
membranes as was observed by Rydall and Macdonald (1991) and Tatulian (1983). However,
when the PC lipids were modified with dihexadecyldimethylammonium bromide, making the
lipid bilayer more positively charged, thiocyanate association constants were three times greater
than that of neutral POPC bilayers. Furthermore, with respect to sulfate, Gokarn et al. (2011)
observed the opposite, with sulfate having the strongest association with hen egg-white
lysozyme, lowering the effective charge the greatest, in comparison to NaCl.
These discrepancies may be attributed to many factors that mostly involve normalizing
solvent conditions. Rydall and Macdonald (Figure D25; 1992) observed anion binding to POPC
lipids in 500 mM concentrations of the sodium form of the anionic salts. Tatulian (Figure D26;
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1983) observed anion binding to DMPC lipids in only 10 mM concentration of the K+ form of
the anionic salts. Martin-Molina et al. (2012, Figure D13) observed anion binding at various
concentrations, but used the Ca2+ forms of the anionic salts. It should be noted that the weak
apparent binding may be describing solvation effects (and not specific interactions), that may
account for the shifts in the NMR signal observed by Rydall and Macdonald (1991) and
Macdonald and Seelig (1988).
Charge as a function of temperature. Electrophoretic mobility measurements on PC liposomes
have been made by McLaughlin et al. (1978) and Tatulian (1983). They have reported
measurements for:
1) Egg PC liposomes in 100 mM NaCl, at pH 7.5. No electrophoretic mobility quantities were
reported. However, zeta potentials were calculated and egg PC liposomes were found to
have a zeta potentials:
a. In the presence 50 mM Mg2+
i. at 15oC, 13.0 ± 0.5 mV
ii. at 25oC, 10.0 ± 1.0 mV
iii. at 35oC, 13.5 ± 1.0 mV
b. In the presence of 50 mM Ca2+
i. at 15oC, 20.5 ± 1.0 mV
ii. at 25oC, 11.0 ± 1.0 mV
iii. at 35oC, 16.0 ± 1.0 mV
Against a zeta potential of 0 mV (within error) for Egg PC liposomes in the absence of
divalent cations. A Micro-electrophoresis apparatus Mk II (Rank Brothers LTD) was used
in this study [McLaughlin et al. 1978].
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2) DMPC liposomes in 10 mM KCl, 5 mM Tris-HCl at pH 7.4 at varying concentrations of
picric acid (Figure D28). Tatulian (1983) observed a gradual decrease in the magnitude of
the electrophoretic mobility as the temperature increased. Then, a sharp decrease in
magnitude of the electrophoretic mobility was observed at the phase transition temperature
of DMPC lipids (~ 24oC). After the sharp decrease of the electrophoretic mobility, the
electrophoretic mobility gradually decreases at temperatures above the phase transition
temperature. Electrophoretic mobility measurements were carried out on an automatic
single cell electrophoresis apparatus (Parmoquant-2) [Tatulian, 1983].
POPC, POPS and POPA Nanodiscs in 100 mM NaCl, 50 mM Tris at pH 7.4 showed no
significant change in electrophoretic mobility and ZDHH values at a temperature range of 20oC to
35oC (Figure 33). This does not agree with some reported observations, as McLaughlin et al.
(1987) observed significant differences to the zeta potential as a function of temperature; and
Tatulian (1983), observed significant differences in the electrophoretic mobility as a function of
temperature. It must be noted however, that the lipids used in MCE, have different phase
transition temperatures. POPC (~ -2oC) and POPS (~ 14oC) were measured at temperatures
above their phase transition temperatures, while POPA (~ 28oC) was measured both under and
over its phase transition temperature.
DMPC lipids used by Tatulian (1983) have a phase transition temperature of ~ 24oC. In
addition, naturally derived lipids, such as those from egg, bovine or soybean typically contain
significant levels of polyunsaturated fats and therefore have lower phase transition temperatures
[Tatulian, 1983]. While Tatulian (1983) observed a sharp decrease at the phase transition
temperature of DMPC liposomes, POPA Nanodiscs was did not have a similar sharp decrease at
its phase transition temperature. Since PA lipids have a pKa ~ 8.0, one would expect from the
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data obtained by Tatulian et al. (1983) that the ΔHionization may drive POPA Nanodiscs toward
being more anionic. However, that was not observed and agrees with ΔHionization values reported
by Bernard (Figure D29; 1955). This is seen by the formation of negative charge when the
ionization of the phosphate occurs. The enthalpy of ionization would however, be significant for
a lipid like PE, in which no net ion is formed as a result of ionization; similar to Tris (Figure
D29). It should also be mentioned, that Tatulian (1983) observed a sharp decrease in the
electrophoretic mobility quantity. The electrophoretic mobility does not take into account the
viscosity of the solution. At increased temperatures, the decrease in viscosity is significant (seen
in the calculated viscosities at 25 and 35oC in Table 3) and most likely account for the increase
in magnitude of the electrophoretic mobilities observed by Tatulian (1983). Unfortunately, due
to lack of sample, no measurements were made on 10POPE Nanodiscs at different temperatures.
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CONCLUSION
While there are literature data that characterize lipid electrophoretic mobility, there is little
consistency in the charge estimates from the various techniques. Each technique requires
specific modifications to ensure optimal conditions for experimentation, but these changes
cannot be accounted for or duplicated in other techniques. As we are interested in the details of
membrane charge and ion binding to lipid membranes, it is important to develop a simple,
reproducible way to analyze lipid charge in a way that can clarify inconsistencies between data
obtained using various techniques, membrane systems and experimental conditions. The
technique of MCE combined with the technology of Nanodiscs gives us the ability to
systematically measure lipid charge in physiologically relevant conditions.
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APPENDIX A
SUPPLEMENTARY AUC DATA OF NANODISCS
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Figure A1 Sedimentation velocity data of POPC Nanodiscs in standard buffer at pH 7.4 using
DC/DT+ [Philo, 2000].

Figure A2 Sedimentation velocity data of POPC Nanodiscs in the presence of 3 mM CaCl2 using
DC/DT+ [Philo, 2000].
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FigureA3 Sedimentation velocity data of 10POPE Nanodiscs in standard buffer at pH 7.4 using
DC/DT+ [Philo, 2000].

Figure A4 Sedimentation velocity data of 10POPE Nanodiscs in standard buffer at pH 7.0 using
DC/DT+ [Philo, 2000].
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Figure A5 Sedimentation velocity data of 10POPS Nanodiscs in standard buffer at pH 7.4 using
DC/DT+ [Philo, 2000].

Figure A6 Sedimentation velocity data of 10POPS Nanodiscs in the presence of 3 mM CaCl2 at
pH 7.4 using DC/DT+ [Philo, 2000].
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Figure A7 Sedimentation velocity data of 30POPS Nanodiscs in standard buffer at pH 7.4 using
DC/DT+ [Philo, 2000].

Figure A8 Sedimentation velocity data of 30POPS Nanodiscs in the presence of 3 mM CaCl2 at
pH 7.4 using DC/DT+ [Philo, 2000].
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Figure A9 Sedimentation velocity data of 70POPS Nanodiscs in standard buffer at pH 7.4 using
DC/DT+ [Philo, 2000].

Figure A10 Sedimentation velocity data of 70POPS Nanodiscs in the presence of 3 mM CaCl2 at
pH 7.4 using DC/DT+ [Philo, 2000].

142

Figure A11 Sedimentation velocity data of 10POPA Nanodiscs in standard buffer at pH 7.4
using DC/DT+ [Philo, 2000].
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A

B

Figure A12 (a) and A12 (b) Sedimentation velocity data of MSP1D1 10POPA in the absence
(a) and presence (b) of Ca2+.
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Figure A13 Sedimentation velocity data of 30POPA Nanodiscs in standard buffer at pH 7.4
using DC/DT+ [Philo, 2000].
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A

B

Figure A14 (a) and A14 (b) Sedimentation velocity data of MSP1D1 30POPA in the absence
(a) and presence (b) of Ca2+.
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Figure A15 Sedimentation velocity data of 70POPA Nanodiscs in standard buffer at pH 7.4
using DC/DT+ [Philo, 2000].
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APPENDIX B

SUPPLEMENTARY MCE DATA FOR NANODISCS
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NanodiscTM Sample

Electrophoretic
Mobility (cm2/V·s)

ZDHH

Zeta Potential (mV)

MSP1D1 POPC

-4.2 x 10-5 ± 3.8 x 10-6

-14.1 ± 1.0

-7.2 ± 0.2

MSP1D1 10% POPS

-7.1 x 10-5 ± 2.9 x 10-6

-24.6 ± 0.8

-12.3 ± 0.3

MSP1D1 30% POPS

-1.2 x 10-4 ± 5.7 x 10-6

-38.5 ± 1.4

-20.0 ± 0.4

MSP1D1 70% POPS

-1.7 x 10-4 ± 3.8 x 10-6

-56.4 ± 2.4

-29.1 ± 0.4

MSP1D1 10% POPA

-7.5 x 10-5 ± 1.7 x 10-6

-26.2 ± 1.7

-13.7 ± 0.7

MSP1D1 30% POPA

-1.4 x 10-4 ± 1.6 x 10-5

-45.0 ± 3.0

-24.1 ± 1.0

MSP1D1 70% POPA

-2.1 x 10-4 ± 1.0 x 10-5

-66.6 ± 4.7

-32.6 ± 1.2

MSP1D1 10% PIP2

1.2 x 10-4 ± 3.6 x 10-6

-39.7 ± 1.1

-20.6 ± 0.9

MSP1D1 10% POPE

6.5 x 10-5 ± 5.3 x 10-6

-21.4 ± 1.5

-10.8 ± 0.7

Figure B1 The calculated zeta potentials of various Nanodiscs in standard buffer containing
various phospholipid ratios by MCE. Values of electrophoretic mobility and Z DHH are included
for reference.
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ZDHH of POPC Nanodiscs in the presence of Ca
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Figure B2 The ZDHH of MSP1D1 POPC Nanodiscs in at varying concentrations of Ca 2+. The
vertical bars in the figures represent the standard deviations.
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Figure B3 The ZDHH of MSP1D1 30POPS Nanodiscs in at varying concentrations of Ca 2+. The
vertical bars in the figures represent the standard deviations.
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ZDHH of 30POPA Nanodiscs in the presence of Mg
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Figure B4 The ZDHH of MSP1D1 30POPA Nanodiscs in at varying concentrations of Mg 2+. The
vertical bars in the figures represent the standard deviations.
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Figure B5 The ZDHH of MSP1D1 10PIP2 Nanodiscs in at varying concentrations of Ca2+. The
vertical bars in the figures represent the standard deviations.
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APPENDIX C

TITRATION CURVES FOR PHOSPHLIPIDS

152

Figure C1 Titration curve of phosphatidylcholine represented as percent ionization as a function
of pH [Marsh, 1990]

Figure C2 Titration curve of phosphatidylcholine represented as relative charge as a function of
pH [Marsh, 1990].
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Figure C3 Titration curve of phosphatidic acid represented as relative charge as a function of pH
[Marsh, 1990].

Figure C4 Titration curve of phosphatidic acid represented as percent ionization as a function of
pH [Marsh, 1990].
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Figure C5 Titration curve of phosphatidylserine represented as percent ionization as a function
of pH [Marsh, 1990].

Figure C6 Titration curve of phosphatidylserine represented as relative charge as a function of
pH [Marsh, 1990].
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Figure C7 Titration curve of phosphatidic acid represented as percent ionization as a function of
pH [Marsh, 1990].

Figure C8 Titration curve of phosphatidic acid represented as relative charge as a function of pH
[Marsh, 1990].
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APPENDIX D

SUPPLEMENTARY DISCUSSION DATA
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NanodiscTM Sample

Lipid Charge Contribution Calculated Charge of Lipids
(ZDHH)a
MSP1D1 POPC
0
0
MSP1D1 10% POPS
-10.5
-13
MSP1D1 30% POPS
-24.4
-38
MSP1D1 70% POPS
-42.3
-88
MSP1E3D1 POPC
0
0
MSP1E3D1 10% POPS
-19.0
-25
MSP1E3D1 30% POPS
-39.2
-75
MSP1E3D1 70% POPS
-74.3
-175
MSP1D1 10% POPA
-12.1
-16
MSP1D1 30% POPA
-30.9
-47
MSP1D1 70% POPA
-52.5
-109
MSP1D1 10% PIP2
-25.6
-38
MSP1D1 10% POPE
-7.3
-13
Table D1 The ZDHH of anionic Nanodiscs assuming that the ZDHH obtained using MCE for POPC
Nanodiscs represents the charge contribution of the MSPs.
a

Calculated assuming that the ZDHH of POPC Nanodiscs, -14.1, is contributed entirely from the
MSPs and that PC lipid contribute a ZDHH of 0. The values in the table therefore, are the
measured ZDHH of the different lipids, with the protein contribution subtracted from that value.
This ZDHH values represents the charge contribution solely from the lipid head groups.
Study
PC lipid type
Charge per PC lipid
Klasczyk et al. 2010a
POPC
+1 per 605 PC lipids
Pincet et al. 1999
Egg PC
-1 per 600 PC lipids
McLaughlin et al. 1978
SOPC
+1 per 1100 PC lipids
Nanodiscs with MCEb
POPC
+1 per 63 PC lipids
c
Nanodiscs with MCE
POPC
0 per PC lipid
Table D2 Comparison of calculated charge per PC lipids across different studies.
a

Not provided by the authors. Calculated separately based on reported liposome diameter of
56.4 nm [Klasczyk et al. 2010] and assumed area of 66 A2 for POPC lipids [Bayburt and Sligar,
2012]
b
Assumes that PC lipids in POPC Nanodiscs contribute a +2 charge
c
Assumes that PC lipids in POPC Nanodiscs contribute a charge of 0
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Figure D1 Electrophoretic mobility data on POPC liposomes in the presence of different
monovalent cations by Klasczyk et al. (2010) using electrophoretic light scattering.
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Figure D2 Center of gravity IR spectra of the phosphate (a) and carbonyl (b) absorption bands in
the presence of the monovalent alkali cations Li+, Na+ and K+ as a function of relative humidity
[Binder and Zschornig, 2002].
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Figure D3 Electrophoretic mobility and zeta potential of PC, PEG-DSPE and PG containing
liposomes [Woodle et al. 1992].
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Figure D4 Zeta potential of extruded liposomes. Values are the average of the four sized
liposomes at any aminophospholipid composition. Bars point out the standard deviation (n ≥ 3).
PS, (O); PE, (*) [Roy et al. 1998].
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Figure D5 Zeta potential of sonicated liposomes. Bars point out the standard deviation (n ≥ 3).
PS, (O); PE, (*) [Roy et al. 1998].
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Figure D6 Zeta potential of multi-lamellar vesicle liposomes. Bars point out the standard
deviation (n ≥ 3). PS, (O); PE, (*) [Roy et al. 1998].
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Figure D7 DMPC and DMPE zeta potentials in the absence (blue) and presence (red) of arginine
7 [Disalvo and Bouchet 2014].

Figure D8 Effects of arginine on DMPC (1), dimethyl-PE (2), monomethyl-PE (3) and DMPE
(4). Red columns: Liposomes in 1 mM KCl; pink column: Liposomes in 1 mM KCl and 20
mM arginine [Disalvo and Bouchet 2014].
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Figure D9 Diagram of a lipid bilayer that contains phosphatidylcholine (red borders) and
phosphatidic acid (purple border).

Figure D10 Diagram of a lipid bilayer that contains phosphatidylcholine (red borders) and
phosphatidyl inositol 4,5-bisphosphate (green border).
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NanodiscTM Sample

PLZDHH of lipid
Expected charge
/NanodiscTM
contributionb
contribution/NanodiscTMc
MSP1D1 10POPS
13
-10.5
-13
MSP1D1 30POPS
38
-24.4
-38
MSP1D1 70POPS
88
-42.3
-88
MSP1E3D1 10POPS
25
-19.0
-25
MSP1E3D1 30POPS
75
-39.2
-75
MSP1E3D1 70POPS
175
-74.3
-175
MSP1D1 10POPA
13
-12.1
-16
MSP1D1 30POPA
38
-30.9
-47
MSP1D1 70POPA
88
-52.5
-109
MSP1D1 10PIP2
13
-25.6
-38
MSP1D1 10POPE
13
-7.3
-13
TM
Table D3 Summary of anionic lipid Nanodisc data using MCE in standard buffer.

z/PLd
0.81
0.64
0.48
0.76
0.52
0.42
0.76
0.66
0.48
0.67
0.56

a

The number of anionic lipids per Nanodiscs assuming a constant number of lipids per Nanodisc
[Ritchie et al., 2009].
b

The ZDHH contribution solely coming from the lipid head group. Explained in greater detail in
Table D1
c

The charge assuming each PS (Figure C6) or PA (Figure C8) lipid contributes the charge
calculated from the pKa values. For PS lipids, the assumption is that each lipid head group
contributes a -1 charge. For PA lipids, the assumption is that each lipid head group contributes a
-1.25 charge. For PIP2, the assumption is that each lipid head group contributes a -3 charge.
d

The charge contribution per lipid head group. This quantity is a ratio of the measured Z DHH
lipid contribution (Table 12), to that of the calculated charge estimates.
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Figure D11 Average electrophoretic mobility of PS liposomes as a function of PS
composition [Kato el al., 2011].

Figure D12 Size distribution of liposomes extruded through membranes with pore sizes of
(a) 50 nm, (b) 200 nm, (c) 400 nm, and (d) 1000 nm [Kato et al. 2011].
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Figure D13 Electrophoretic mobility of PS liposomes as a function of Na(NO 3)2 and
Mg(NO3)2. Squares and circles are Ca(NO3)2 and Mg(NO3)2, respectively. Inset:
Molecular structure of PS lipids [Martin-Molina et al. 2012].

Figure D14 Molecular structure of calcein.
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PS liposome/NanodiscTM
composition
10% PS liposomes
10POPS Nanodiscs

Kato et al. (2011)
MCE

PS liposome/NanodiscTM
composition

Electrophoretic mobility
(cm2/V·s)
-1.5 x 10-4
-7.1 x 10-5 ± 2.9 x 10-6
Electrophoretic mobility
(cm2/V·s)

25% PS liposomes

Kato et al. (2011)

-2.5 x 10-4

30POPS Nanodiscs

MCE

-1.2 x 10-4 ± 5.7 x 10-6

70POPS Nanodiscs

MCE

-1.7 x 10-4 ± 3.8 x 10-6

Tables D4a and D4b Comparison of electrophoretic mobilities obtained by Kato et al. (2011)
using PS liposomes and electrophoretic mobilities obtained by MCE.
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Figure D15 Zeta potentials of multilamellar PS vesicles formed in decimolar chloride solutions
of the indicated cations. The solutions also contain 1 x 10 -4 M EDTA and 1 x 10-3 M Tris. The
pH was 7.5 and the temperature was 25oC. The error bars indicate the standard deviation of 20
measurements. The values of the intrinsic association constants of the different cations with PS
are also shown [Eisenberg et al., 1979].

Figure D16 Separation of PS, PG and PA bilayers in 0.2 M chloride solutions of Li+, Na+, K+,
Cs+ and TMA+ at constant osmotic pressure. dw is the distance of interbilayer separation and log
Pπ is the osmotic pressure [Loosley-Millman et al. 1982].
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Figure D17 Ion binding affinity series for binding of monovalent alkali metal cations to PS, PG,
and PA bilayers [Loosley-Millman et al. 1982].

Figure D18 Electrphoretic mobility of liposomes containing increasing amounts of negativelycharged lipids; phosphotidyl inositol (■), phosphatidylserine (▼), phosphatidic acid (*),
gangliodside GM1 (●) measured by capillary electrophoresis (12 kV; 30 min). The abscissa
shows the percentage of negatively-charged present in liposomes. The left ordinate shows the
actual mobility and the right ordinate the corresponding calculated surface potential of each
liposome preparation. Each data point shown is the mean of triplicate, with less than 6%
variation (S.D. values have not been shown for the sake of clarity) [Piret et al., 2005].
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z/PAa
z/PAb
MSP1D1 10POPA
0.92
0.76
MSP1D1 30POPA
0.86
0.66
MSP1D1 70POPA
0.64
0.48
Table D5 z/PA calculations from the measured electrophoretic mobility of POPA Nanodiscs.
a

represents the unit of charge per lipid head group if PA lipids contribute a -1 charge per lipid
head group.
b

represents the unit of charge per lipid head group if PA lipids contribute a -1.25 charge per lipid
head group.

Figure D19 The effect of neomycin on the zeta potential of 10:1 (mol/mol) PC:PIP2 vesicles
formed in 0.1 M KCl, 1 mM MOPS at pH 6.0 (triangles), 7.0 (circles), and 8.0 (inverted
triangles). The valence of the PIP2 molecules in the absence of neomycin was calculated to
be -1.8 in all cases [Gabev et al. 1989].
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Figure D20 Zeta potential of PC/PIP2 (circles) and PC/PI (squares) multilamellar vesicles
plotted as a function of the mole percent anionic lipid in the vesicle. The solutions contained 0.1
M KCl buffered to pH 7.0 with 1 mM MOPS. The open circles represent data obtained from
vesicles formed by using the sodium salt of PIP2; the closed circles represent data obtained from
vesicles formed by using the ammonium salt of PIP 2. The vertical bars in the figures represent
the standard deviations when these are larger than the size of the symbols [Toner et al. 1988].
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Figure D21 Number of cations bound to PIP2 in a bilayer membrane exposed to a 0.1 M KCl,
pH 7.0 solution at predicted surface potentials of -30 mV and -60 mV [Toner et al. 1988].

Figure D22 Image of Mg2+ chelating polyphosphate groups such as ATP.
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A

D

B

E

C

F

Figures D23a, D23b, D23c, D23d, D23e, D23f Models of the distribution of charged lipids
within the NanodiscTM structure. Figures a, b and c represent an extreme model of lipids in
which the charges are packed in very tightly. Figures d, e and f represent a distributed model, in
which the charges are more evenly spaced out within the Nanodisc TM bilayer. This model
assumes that there is limited electrostatic interaction with the membrane scaffolding protein due
to the amphipathic nature of the protein structure, with hydrophobic amino acids dominating the
interactions with the hydrocarbon chain of the lipids. Hydrophilic amino acids are more likely
faced outward toward the aqueous environment.
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Charge at pH 7.0 Charge at pH 7.4 Charge at pH 8.0 Charge at pH 8.5
MSP1D1 MSP
-13.6
-15.8
-17.2
-18.8
Table D6 The calculated charge estimate of the amino acid composition per two MSPs at
various pHs.

Figure D24 Dependence of the zeta potential of DMPC liposomes on the concentration of TNPh at 26oC (○) and 18oC (■). The aqueous solutions were buffered to pH 7.4 with 5 mM Tris-HCl
and the ionic strength was held constant at 0.01 M with KCl [Tatulian, 1983].
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Figure D25 Survey of the effects of various aqueous anions on the quadrupole splitting from αand β-choline-deuterated POPC. The change in value of the quadrupole splitting measured with
either POPC-α-d2 (dark bars) or POPC-β-d2 (light bars) containing membranes in the presence of
0.5 M of the indicated anion is expressed as the percent change of the quadrupole splitting
relative to its value in the absence of anions [Rydall and Macdonald, 1992].

Figure D26 The parameters K-1 (binding constant, expressed in mM) and σ max (the maximum
number of binding sites per unit area, expressed in µC/cm2) used to describe the binding of
several anions to DMPC liposomes at 25oC and 22oC [Tatulian, 1983].
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Figure D28 Temperature dependence of the electrophoretic mobility of DMPC liposomes in
0.01 M solutions of K2SO4 (∆), KCl (●), KNO3 (○), KBr (■), KSCN (□), KI (x), and
KClO4 (▲) buffered to 7.4 with 5 mM Tris-HCl [Tatulian, 1983].
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Figure D29 Heats of Ionization of H2PO4- at Ionic Strengths of 0 and 0.70 M and of Tris
Hydrochloride at 0.65 M [Bernard, 1955].
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